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Abstract

A mathematical model is developed to predict Volatile Organic Compound (VOC) emission rates from homogeneous materials.
The model considers both mass diffusion and mass convection processes in the boundary layer between the material surfuce and the
air flow. Establishing the relationship between the surface air fow and emission rate: the model. therefore can predict the material
emission rate under different environmental conditions. The other feature of the model is that all the parameters have clear physical
meaning and can be either found in literature or calculated using known theories and, or equations.

The prediction of the mathematical model was validated at three different levels; with experimental results from the CBS specially
designed test chamber. with experimental results from the EPA which were carried out in an ASTM chamber, and finally with the
predictions made by other models. The results indicate that there is. in general. good agreement between the model predictions and
the experimental results. The main advantage of this model is that the model does not require any experimental data as input.

¢ 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

There has been growing interest in the development of
mathematical models to describe the material emission
process and the effects of indoor environmental con-
ditions on this process. Several models have been
developed and these models can be categorized into two
groups: empirical and semi-physical models.

The empirical model is based on fitting an appropriate
mathematical expression to a set of experimental data.
usually concentration as a function of time [1-3]. The
disadvantage of the empirical model is that the
coefficients in the equations have to be obtained from
experiments for each material and under different
environmental conditions, therefore, these coefhicients do
not have any physical meaning.

The eurliest semi-physical models to predict emission
rates from materials were proposed by Hoetjer [4] and
Black and Bayer [5]. In the development of these models.
it was assumed that the internal resistance of materials
to mass diffusion was negligible. This assumption restricts
the application of the model. where the transport of vap-
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our through a board-air interphase region is a rate lim-
iting process. Dunn proposed a model for the prediction
of emissions from a thin film [6]. The main assumption
here was that the emission is merely a surface phenom-
enon. The mode! considers sink effects. however. the
assumption of thin film restricts its application to thick
materials where diffusion is a controlling factor.

The latest physical model based on Fick’'s Law of
Diffusion was developed for wet materials by Guo and
Tichenor [7). The following assumptions were made in
the development of this model.

(1) For a given wet material. all freshly applied surfaces
are assumed to have the same VOC vapour pressure,
In other words, vapour pressure is a property of that
wet material and is independent of the amount of
coating applied. The amount of coating only effects
the decay rate; the more material applied, the slower
the decay.

(2) The surface VOC concentrationduring the aging per-
iod is proportional to the mass of VOC remaining.

(3) The average diffusivity of the solvent molecules can
be represented by the diffusivity of the most abundant
component in the solvent mixture.

The preliminary validation of the model indicates that
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the model provides a better fit to experimental results
from test chambers than the empirical or other semi-
physical models. The main drawback of this model is that
the boun‘aary layer thickness has to be obtained through
data-fitting the experimental results. Haghighat and De
Bellis [8] discussed the impact of temperature and
humidity on the emission rate profile of materials.
Recently, Sparks et al. [9] proposed a method to estimate
the gas-phase mass transfer coefficient based on the fluid
dynamic conditions of the environment.

This paper describes a new approach to estimate the
gas-phase mass transfer coefficient based on the principles
of mass transfer and fluid flow. Also. the paper reports the
results of the validation of this model with: experimental
results from the velocity-controlled test chamber, exper-
imental results from the EPA which were carried out in
an ASTM chamber, and finally with the predictions made
by other models.

2. Theoretical background

The material emission rates are determined, partly, by
the rates of diffusion from the interior of the material to
thesurfaceand, partly, by the VOC transfer rates through
the air current in contact with the material surface, as
shown inFig. IA.

The emission rate can be calculated either based on
interior mass transfer or exterior mass transfer, as shown
in the following equation:

m = hs(Cn_Cs) = /’111(C5_C7_) (l)

where n1 is the mass emission rate at time r (mgm~-h~').
C, is the surface VOC concentration at time ¢ (mgm %),
C, is the interior VOC concentration at time r (mgm ™),
C, is the VOC concentration in the air flow (mgm =), /i
is the interior VOC mass transfer coefficient (mh™"), and
I, is the exterior VOC mass transfer coeflicient (mh~').

Interior mass transfer is determined from the physical
and chemical properties of materials. The mechanism is
so complicated that little is known about it. The exterior
material emission process involves evaporation,
diffusion, convection, absorption and desorption, etc.
According to eqn (I). in order to calculate the VOC
emission rates, the surface VOC concentration, C,, and
the exterior mass transfer coefficient, /1,,, must first be
determined.

2.1. Surface VOC concentration (C,)

The following basic assumptions are made for cal-
culating the surface VOC concentration:

(1) For any given material, there exists a VOC source

characteristic concentration, C,, which is dependent
on the material content, age and structure, but inde-
pendent of the loading and environmental

conditions. The air immediately adjacent to tl
material surface has the surface VOC concentratio
C..

(2) For solid materials, C, decays very slowly and can t
treated as a constant during a certain time period.
is proportional to the VOC source concentration, €
and a function of temperature and relative humidit:
and it can be measured by using the static headspa.
method.

For liquid materials, C; is the concentration of t|
specific VOC and is a function of time C, = f(t). When
wet material is newly applied to a surface. it has an initi
VOC concentration of C,, near the surface, which is :
the saturated vapour pressure of the specific VOC. C,,
a function of temperature and humidity and C,. As tl
wet material ages. the vapour pressure of the remainir
VOC decreases gradually [1]. If the fresh surface has VO
concentration of C, and an initial mass per unit arc
of VOC applied of M,, (mgm~), the concentration C
(mgm™?), during the aging period is proportional to tl
mass of VOC remaining, M(¢), (mgm ™).

Cn = C( o

2.2. Exterior mass transfer coefficient (h,,)

[n the case of a room or an enclosure. the air flow clo
to the walls is a complex three-dimensional and nos
isotropic turbulent flow. There is a boundary layer adja:
ent to each surface by which the VOC exterior ma
transfer rate is determined. The mass transfer rates .
VOCs in the boundary layer are governed by diffusio:
forced convection. natural convection, and adsorptios
/desorption. Numerous parameters have an impact o
the emission process. The following assumptions a:
made:

(1) No chemical reactions, no desorption or adsorptios

(2) Material surfaces have uniform roughness and a thi
layer is applied in the case of wet materials.

(3) Steady state stream flow over the surface.

(4) Uniform VOC concentration in ambient air.

(5) No temperature difference between the air an
material surfaces.

(6) In the case of TVOC (total volatile organic con
pounds) calculation, the diffusivity of the most abu
dant component is used as the diffusivity of TVO(
D.

(7) The static viscosity of the wet material is much larg.
than the static viscosity of the stream flow 4 » g,

As there is no temperature difference between the su
faces and the air flow over it, the natural convectio
caused by buoyancy effects can be neglected. Althoug
the densities of different VOCs are higher than that «
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Fig. I. Schematic ol emission process

air, the migration caused by the gravity force is negligible
compared to the migration caused by turbulence and
concentration differences. This is due to the relatively
small diameters of the VOC molecules and the random
collision of VOC and gas molecules [10]. Therefore. there
is little difference in flow conditions and mass transfer
processes according to the surface orientation. The time-
averaged governing equations ol fluid flow and mass
transfer in the boundary layer for all surfaces in a room
or an enclosure can be written as:

Continuity equation:

-~

a7 (pu,l =0 (3)

u; = ;+ 1, (4)

where @, is the mean velocity and w; is its fluctuating
component: j denotes the x.1- or = coordinates.
Momentum conservation equation:

—_
n
~

ciu, 1 ép ¢ [ufcu, cu
== - —ge e | = ek

(Y pigyy dv| p\ly  Cy
where g is the dynamic viscosity of air, and / and j denote

the x, v or = coordinates.
Mass conservation equation:

e kL e
—= =;—</)D ~_~>+S\. (6)
W Al 2Ny
c=7c+¢ (7)

where € is the mean concentration. and ¢’ is its Huctuation
component. D is the diffusion coefhicient of a specific
VOC in air, and S, is the source term.

Although the actual turbulent flow is threc-dimen-
sional. regardless of how simple the flow boundaries are,
from symmetry. the terms representing the ¢ ¢, deriva-
tive of lime-averaged quantities in eqns (5) and (6) are
zero. Furthermore, if o and ¢ are treated as the velocity
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fluctuations caused by un eddy as it rides along with the

mean flow, then «" and ¢* are of comparabie orders of

magnitude. This means that in the boundary layer the
term (¢/¢x)u’") can be neglected relative to (¢/1¢y)er't?)
in eqn ¢5). and (¢ €x)u'c¢’) relative to (F/Ex)(e’c’) in eqn
(6). Due (0 the slenderness of the boundary layer. d « L.
the momentum and mass conservation equations in the
near wall region can be simplified into two dimensional
boundury layer equations [11]. as follows:

ci Cn 18P wfcta\ éu't’
L_“;_+l-'..—'=__.—+£(':_,>— = (8)
&r ¢y pix  p\&y ér
(é cc ¢e\ '
r—.—+f,—=D( ,>— == 9)
Cx cy e fr

By defining the eddy shear stress and eddy mass flux as:

— ci

—pu'v :paa‘ (10)
== ée

A (1)

where ¢ is the eddy kinematic viscosity, and g, is the eddy
mass diffusivity;
the boundary equations become:

cit ci [ gR ¢

A 4T = —— o4 o | (v +£)— (12)
G\ (% pcy cy
& fe @

L7«_C+V';-t ﬂ—li(D+('m)- :I (l3)
cX ey cy 2

where the boundary conditions for velocity and con-
centration are ', and C, at the free stream respectively,
and zero (U = =0) and C, at the material surlace,
respectively.

Based on the theory ol Nuid dynamics. both velocity
and concentration boundary layers on a non-slip solid
surface have been visualized as two sublayers: (1) the
viscous sublayer. where v > & and (2) the fully turbulent
sublayer. where £ » v. The two sublayers merge at some
pluce where v and & are of the same order ol magnitude.

Many experiments have shown that streaks ol low-
speed/high-speed fluid form neur the wall. and that these
streaks break down periodically. in which tluid is ejected
from the viscous sublayer with significant normal vel-
ocities [11], see Fig. Ib. Therefore. in an order of mag-
nitude gense, the time-averaged quantities. 7(xv) and
m(x), are both related to the local density of contact
spots defined as:

cumulative length of direct contact spots
total length of sample-wall section

nix) = (14)

The relationship between t,(x) and m(x) is:

It m
o ~’ ~ " (

m

TO.(I).I‘& ws.Mmax

Focusing, for the time being, only on extreme ends

this relationship and writing the time-averaged 7, and
in terms of the local coefficients C;, and /1, U, . it can

found that since the direct contact spots are covered wi
laminar shear flow and outside these laminar layers t.
flow and concentration conditions are described by
and C,, Ty, and

fim
r
(/‘,—,_ Mo max L % ( I
~ |
| & Cs’_ C-/. To.mux
fix

My s Can be obtained from the laminar boundary lay.
equations:

cu  Cu 1 &P u/éu
St = — —a -+ | == (13
¢ C) Pix  p\gy?

o ~Y

ée ce ¢
U— +vo— = =)L (18
cx ¥ G

By using the scale analysis method, the scale of 7, .. anc
Mo may ATE:

R U,L -2
To.max va v (]9
aminx L’ L I 2
EIII—C _ZSI 1( : ) (Sc>1) (20:
AB{IHAN D k) UTL b
gtz Zsl<i_> (Sc < 1) Q1)

where L is the longitudinal length of the boundary shear
layer. Combining eqns (16), (20) and (21) and defining
Sty = h,/U.,, the following scaling law can be obtained:

Sty ~3CrS*? (Se> 1) (22)
St ~3C S (Se< 1) (23)

where C;, is the local skin-friction coefficient, /,, is the
mass transter coefficient, Sc is the Schmidt number v/D
and U, is the free stream velocity. The muss transfer
coeflicient can be calculated as:

T, [v\??

Ny ~ EU— D (Se>1) (24)
T, [v\'?

N ~ pT B (Se < 1). (25)

From the above analysis, it can be seen that the exterior
mass transfer coellicient is determined by the boundary
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layer flow condition, U, , wall shear stress, t,,, and fluid
physical properties. The mass transfer rates can be cal-
culated as: -

ni = hm(Cs_C"/,) (26J
be, [v\ 7} M(1)

m= 20, (B) [CSO (E>—CL:| (Se>1) 27)

_ b (N (MO T e o 28

"= pU, \D N\ M, - (Se<1) (28)

where b i1s a constant and it 1s a function of S¢. When
Scx 1, b=1; otherwise, b has to be obtained from
experiments.

In a room or a chamber, the mass balance equation
fora VOC or TVOC in the stream air is:

VdcC,/d) = —QC,. +mA (29)

where V is the chamber volume (m?), Q is the chamber
air flow rate (m*h~!) and A is the source area (m?). At
t=0, C,=0 (an empty chamber or room) and
M(t) = M,. The solution of eqns (27), (28) and (29) give
the following expressions for chamber concentration and
emission rate:

C - htl, L Tyl i.CL " :'1/) Se 1 30
“ P \D) Teeg® —©) > 0
C = L v - ) LG Fi st Se< 1) 3
~=BE\D (r,—r:)(e —e)  (Se< (31
by (v\7' @, .,
m = A <B> mi[(' |+ Ne
—(ra+ Nl (Se>1) (32)
_ b, (v 'E_VC\.., A
m= >U,\D T _"2}[(1  +Ne
~(r,+ Nl (Se< 1) (33)
Fia= {——(N—f—LH—f—HQO/A«I‘,)
+[(N+LH+HC M) —4NHC,/M.,)]' }2 (34)

where L is the product loading factor = 4. ¥ (m™m™), N
is the air exchange rate (h™h and
H=btp='U;'(v/D) *".

In this model. it can be seen that the mass emission
rate is determined by fluid properties D. v. and p: and
fluid conditions U, . V. L and t,,. With the exception of
the wall shear stress, 7,. all other parameters can be
measured or obtained. Therefore. in this model. there are
no coellicients required from data-fitting experimental

”
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data from the dynamic chamber or test house studies.
Depending on the flow conditions and the geometry, 7,
can be calculated in the following ways:

Wall shear stress calculation (t,): The wall shear stress is
defined as:

Cut
T, = | =0
A

(3%)

The shear stress of turbulent flow is the summation of
both laminar shear stress and turbulence shear stress and
they are equal everywhere in a steady state flow,

cu L
T=T1,=U+putl.
cy

(36)

This shows that the wall shear stress of turbulent flow
depends not only on the mean flow velocity, but also
on the turbulent flow condition. Depending on the flow
condition and geometry, there are different relationships
existing between the wall shear stress and flow condition.
As mentioned before, both velocity and concentration
boundary layers on a non-slip solid surface have been
visualized as two sublayers: (1) the laminar sublayer,
where v > ¢, and (2) the inertial sublayer (fully turbulent
sublayer) where & > v. In the inertial sublayer, eqn (36)
can be rewritten as:

T=1,=pu'y. (37)

From experiments, the following empirical relationship
has been obtained in the inertial sublaver [12]

(38)

T, = pu'v = 0.4u'y.

As turbulence is stochastic in nature. it is only possible
to calculate the wall shear stress theoretically for some
ideal cases, such as flow over smooth pipes and semi-
infinite Hat plates[13]. Von Karmendevised an expression
for the calculation of skin friction for the case of uniform
fluid Aowing over a smooth semi-infinite flat plat [13]:

(Laminar flow. Re, < 10%,Local)

(39)

Cr.=0.664Re"?

Cip = 1.328Re; ' 2 (Laminar flow. Re, < 10%,Average)

(40)
Cr, = 0.0592Re; " *
(Turbulent flow, 3x10° < Re, < 10%.Local) (41)
Cro = 0.074Re " *—1742Re!
(Turbulent flow, 5x10° < Re, < 10%.Average) (42)
e @)
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where Re, = U, L/v and L is the characteristic length of
the flat plate.

Most material surfaces cannot be regarded as smooth
surfaces, so that the velocity distribution. resistance to
the flow, boundary layer thickness and wall shear stress
are effected by the roughness ofsurfaces. Schlichting [13]
stated that rough surfaces can be classified into three
groups based on their effect on the flow.

2.2.]. Hydraulically smooth

In this category, the height of protrusions caused by
the roughness is smaller than the thickness of the laminar
sublayer, thus, the roughness has little effect on the Aow.
Examples of these are polished wood and commercial
steel.

ko
0<—<5 t,=
5

To.smooth (44)
where k; is the sand roughness and U, is the friction
velocity, (t,/p)' 2.

2.2.2. Transition

Protrusions extended partly outside the laminar sub-
layer, and additional resistances, as compared with
smooth pipe. are mainly due to the formed drag experi-
enced by the protrusion in the boundary layer.

ko . o
<—<70 1,=/f (roughness, flow condition).
N

(45)

2.2.3. Completely rough

All protrusions reach outside the laminar sub-layer
and by far the largest part of the resistance to flow is due
to the formed drag which acts on them.

ke,

70 < 1, =f (roughness). (46)

-
By using the appropriate equation or empirical
expression mentioned above, surface shear stress t, in
most flow conditions over a surface can be calculated.

Thus, the emission rate can then be calculated by using
eqns (27) and (28).

3. Model validation

The validation of this model was performed by com-
paring its predictions against the experimental results
from the Centre for Building studies (CBS). Concordia
University, experimental results from the U.S Environ-
mental Protection Agency (EPA), as well as the pre-
dictions made by other models.

3.1. Model validation with the experimental results from
the velocity controlled test chamber

The model was first tested against the experimental
results from both a constant source, water, and a fast-
decay wet source, varnish. These results were obtained in
a CBS velocity controlled test chamber [14].

The small velocity-controlled test chamber is made of
stainless steel and consists of two parts: a rectangular
chamber area and a cone shaped part as shown in Fig. 2.
The test area is located in the rectangular chamber, and
an uniform airflow is generated here. The purpose of the
cone shape is to help strengthen the flow in the chamber
area and to thoroughly mix the exit air. At the junction
of these two parts, there are two fans (Sunon Brushless
Blower OD 5.5 cm) installed at a distance of 100 mm
from either side of the wall. A stainless steel mesh screen
with mesh size 7.5 cm ™' is placed directly before the fans.

These fans are installed to draw air through the test
chamber; while the stainless steel mesh helps to provide
uniform flow in the test area. A TFE-fluorocarbon tube
mesh or a stainless steel mesh is positioned at the inlet of
the test chamber to generate a homogeneous and iso-
tropic turbulence with different levels of turbulent fluc-
tuations. A height adjustable test area is designed to
prevent emissions from the edge of the testing materials
and to avoid disturbances to the flow pattern caused
by the thickness of the testing materials. The test area
measures 250 by 200 mm, and is located 100 mm down-
stream from the inlet, at the centre of the cross section.
The test chamber is constructed such that its bottom
includes a 250 by 200 mm indented area (see Fig 2(a)).
Within the indented area, there is a stainless steel plate,
the size of the test area, which can be raised or lowered
from 0 to 10 mm below the chamber bottom by tightening
or loosening screws. While this adjustment accom-
modates for the thickness of the materials, the indented
area ensures no leakage.

This small velocity-controlled test chamber can be
operated at three different levels of turbulent fluctuations.
To achieve the first level, a TFE-fluorocarbon tube mesh,
which is made of a set of teflon tubes with diameter of
10 mm and depth of 5 cm arranged in a honeycomb
configuration. is installed at the inlet of the test chamber.
For the second level, a coarse stainless steel mesh with
grid 7.5 cm ™' replaces the TFE-fluorocarbon tube mesh
at the inlet. The third level uses a fine stainless steel
mesh with grid 11.4 cm™". For each level of turbulent
fluctuation, there exists a relationship between the fan
power reading and the mean air velocity inside the test
chamber. At all levels of turbulent fluctuations. both the
mean flow condition and the boundary layer over the test
area are designed to be uniform.

A series of air velocity measurements were performed
in order to characterize the velocity-controlled test cham-
ber and to verify that the objectives of the design were
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Fig. 2. (a) The small air velocity controlled test chamber designed at the CBS. (b) The model of the small velocity-controlled test chamber for

calibration.

achieved. A Dantec 60 x dual beam Laser Doppler Vel-
ocimetry (LDV) (TSI Model No. 9100-3) was used to
measure the velocity. LDV has a lower measuring limit
of 0.001 ms~' and it uses water vapour as particles for
detection; water vapour is generated by the SUPER
Ultrasonic SHS50T.

For better visualization and convenience in taking vel-
ocity measurements, a polymethylmethylacrylate
(PMMA) chamber model, identical to the small velocity-
controlled test chamber. was built for the charac-
terization. To avoid the distortion of the laser light, cal-
ibrating measurements were taken at the top plate of the
model where a 25 mm slit was cut at a location of 150
mm from the inlet. Also, three 10 mm diameter holes
were drilled at the rear edge of the test area, as shown in
Fig. 2(b). Except for the measuring points, the slit and
holes were normally blocked with removable covers. The
measurements were carried out under steady-state con-
ditions. The steady state condition is indicated by steady
air velocity and turbulent fluctuation readings (the
difference between readings is within a 5% discrepancy)

[15].

3.1.1. Constant source

The model—eqns (27) and (28)—was first validated
using the experimental results from the velocity con-
trolled test chamber with a constant emission source,
water. For constant sources, C,, = C,. The air flow in the
velocity controlled test chamber is a parallel flow and
both the velocity and the turbulence level are very low.
Therefore, the air flow is treated as laminar flow over a
flat plate, and the wall shear stress, t,, is calculated using
eqns (40) and (43). The physical properties of water used
in the model validation are listed in Table | [16].

Table 2 shows the comparison of the model predictions
with the experimental results. 1t can be seen that the
predicted values are in good agreement with the exper-
imental results. with the maximum error between the two
within £20%.

3.1.2. Wet source

The model was then validated by using the varnish test
results from the small velocity controlled test chamber
[15]. The air low inside the chamber is treated as laminar
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Table |
Physical properties of water and chamber parameters

Physical propecties

Air density p

Air viscosity v
DiFusiVitYy yier capour-ar D

Saturated vapour concentration C,,
Sample surface area

Chamber dimension

1.185 kgm ~*
15.89x 10"° ms "
2,56 x 10" m s~!
0.0224 kgm~*

0.039 m*

0.04 x 0.035 x 0.005 m*

flow over a flat plate. The physical properties of the
varnish [17] are listed in Table 3.

Figures 3—6 show the comparison of the predicted var-
nish emission rates with the experimental results at
different surface air flow conditions. There are some dis-
crepancies between predicted emission rates and exper-
imental ones during the initial hours (due to initial
experimental instability), and the predicted results tend
to be higher than the experimental ones at the end of
the test (due to the gas chromatograph’s limitation in
detectinglowlevels of VOC). In spite of this, the predicted
results and experimental results closely follow the same
trend, especially for the low velocity cases. For the higher
velocity cases, greater discrepancies between model pre-
dicted results and experimental results are noticed. This
was caused by the effects of the turbulent fluctuation,
which became more significant as the velocity increased,
even though theoretically the flow is still in the laminar
range. The effects of the turbulent fluctuation were not
fully reflected in the model since laminar flow over a flat
plate was assumed.

3.2. Further validation of the proposed model with exper-
imental data in literature

The model predictions were also compared with exper-
imental data obtained at the EPA using an ASTM stan-
dard small test chamber. A fan was installed to mix the

Table 2
Comparison of the predicted results with water emission test results

F. Haghighat. Y. Zhang/Building and Encironment 34 (1999) 377-389

air inside the chamber and to create the different levels
of surface air velocity and turbulent fluctuation. It is a
mimic model of a real room situation. In such a case, the
near wall flow in a room or a room-like chamber is a
two dimensional flow parallel to the surface [18]. As the
maximum Reynolds number is around 9000 ( « 5 x [0*,
the critical Reynolds number for flow over a flat plate) in
the tests, in the following model predictions, the wall
shear stress, T, is treated as laminar flow over a flat plate,
as was done in the previous cases.

3.2.1. Constant source

The model—eqns (32), (33) and (34)—was validated
by the EPA experimental results from p-dichlorobenzene
crystals, a constant source [17]. The experiments were
conducted in the ASTM standard chamber at different
surface air velocity levels, but at a constant air exchange
rate of 0.5. The physical properties of p-dichlorobenzene,
chamber parameters and flow conditions used in the
model prediction are listed in Table 4. The experimental
conditions and results, as well as predicted results, are
shown in Table 5. [t can be seen that the predicted results
and the experimental results are in good agreement, with
the maximum error less than 20%.

3.2.2. Wet source

The physical model was further validated using the test
results from polyurethane in the ASTM standard test
chamber [7]. Two sets of experimental concentration ver-
sus time data, obtained for two different initially applied

Table 3
Physical properties for varnish tests

Physical properties

1185 kgm *
15.89x 10 “m?s !
236x10 *m’s !
0.0224 kgm *

Air deasity p

Air viscosity v

DiﬂluSiVi[yT\'()(‘-;ur D

Saturated vapour concentration C,,

Vel. R.M.S Temp. Ca Cats M, M, Error
(ms~") (ms™') { Q) (gm) (gm™) (gm s ') (gm s ) (%)
0.053 0.0094 4.2 5.76 6.88 0.00106 0.00089 16
0.058 0.0066 243 5.84 6.96 0.00117 0.00093 2
0.053 0.0025 24.2 5.96 7.08 0.00106 0.00088 17
0.095 0.0088 24.5 5.88 6.69 0.00138 0.00119 i3
0.087 0.0070 24.6 5.93 6.69 0.00120 0.00114 4
0.091 0.0028 24.7 6.14 6.96 0.00134 0.00115 14
0.114 0.0114 24.6 6.03 6.74 0.00147 0.00120 "
0.114 0.0072 4.6 591 6.51 0.00125 0.00132 5
0.113 0.0034 244 6.06 6.71 0.00134 0.00130 3
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Fig. 3. Predicted and experimental data of the VOC concentration vs time for varnish at velocity = 0.053 ms~' and RM.S. = 0.0025 ms~".
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Fig. 4. Predicted and experimental data ol the VOC concentration vs time for varnish at velocity = 0.053 ms ' and R.M.S. = 0.0094 ms ~'.

amounts of polyurethane, were supplied by the EPA. It can be seen that at the beginning of the curves, the
The physical properties. chamber parameters and flow model] predicts higher TVOC concentrations than the
conditions used in the calculation are listed in Table 6. measured values: and at the tail-end. the model under-

Figures 7 and 8 compare the model predicted cham- estimates the TVOC concentrations in the chamber.
ber TVOC concentrations with the experimental ones. This phenomena may be explained by two factors. The

10 ARSIt L G A e 7, 5 R
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Fig. 5. Predicted and experimental data of the VOC concentration vs time for varnish at velocity = 0.113 ms™' and R.M.S. = 0.0034 ms™~".
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Fig. 6. Predicted and experimental data of the VOC concentration vs time for varnish at velocity = 0.113 ms 'and R.M.S. = 0.0114 ms™'

first factor is the sink effects occurring in both the test and releases it later. The other factor is the insta-
wood substrate and the steel chamber. In particular, bility and partial mixing in the chamber at the beginning
the wood substrate, acting as a sponge. absorbs the of the tests. However, over all, the predicted curves

polyurethane into its interior at the beginning of the follow the experimental ones closely.
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Table 4
Physical properties and chamber parameters for the p-dichlorobenzene
tests 2

Product name—p-dichlorobenzene crystal

Table 6
Physical properties. chamber parameters and flow conditions for the
polyurethane tests

Product name—Naso polyurethane wood finish

Physical properties

Physical properties

1.185 kgm™*
15.89 % 107° m*s~!
575% 107 m s !
0.0217 kgm~*

Alr density p

Air viscosity v
Diffusivityryvoc..ii D
Initial Concentration C,,

Chamber parameters and
tlow conditions

Air exchange rate 0.5268 h~'
Surface air velocity 0.03 ms™!
Sample surface area 0.021 m?
Chamber volume 0.053 m*

Substrate A plastic cylindrical container

3.3. Inter-model comparison

The emission rates predicted by the proposed physical
model were also compared withresults predicted by other
existing models: first-order decay model [I9] and the
EPA’s mass transfer model [7]. As shown in Fig. 9, the
predictions of the emission rate from polyurethane made
by the proposed model fit the experimental data better
than the predictions made by the empirical first-order
decay model. As mentioned earlier, the coefficients of the
empirical first-order model were obtained from experi-
ments. and are only valid for the material and conditions
under which the experiment was performed.

Figure 9 also shows the predictions made by the EPA’s
mass transfer model. It appears that the EPA’s model fits
the experimental data slightly better than the proposed
physical model. The reason for thisis that the EPA model
requires the boundary layer thickness. d. as its input.
This coefficient is obtained through data-fitting the same
experimental data. Therefore, this value may be the
apparent boundary layer thickness rather than the real
boundary layer thickness. On the contrary, the proposed
model does not require any input from experimental
results; it is completely independent of experimental data.

Table 5

Comparison of experimental and predicted results (rom p-dichlorobenzene crystals

1.185 kgm™*
15.89 x 107® ms !
5.75x 107" m% !

Air density p
Air viscosity v
Diffusivityyoc.ic D

Initial concentration C,, 0.0217 kgm ™"
Chamber parameters and

flow conditions

Air exchange rate 0.5268 h~!
Surface air velocity 0.03 ms™'
Sample surface arca 0.021 w*
Chamber volume 0.053 m*

0.96 and 1.82 ¢
0.58 and 0.76 g
Smooth oak board

Initial mass
Net loss
Substrate

4. Conclusion

A mathematical model. based on the fundamental fluid
flow and mass transfer theories, has been developed to
predict VOC emission rates from homogeneous
materials. One of the unique features of the proposed
model is that it considers both mass diffusion and mass
convection in the boundary layer between the material
surface and the air flow. This makes the relationship
between the surface air tlow and material emission rates
obvious and enables the model to predict material emis-
sion rates under different environmental conditions. The
other feature of the proposed physical model is that all
the parameters have clear physical meaning and can be
either foundin literature, calculated using known theories
and/or equations.

At present, the existing models. both empirical and
physical. require data from dynamic chamber experi-
ments in order to obtain certain coefficients. and are
limited to the experimental conditions under which the
coefficients were obtained. Five to ten samples are needed
to ensure a valid curve fit for such experiments. Therefore,

Vel Temp C (G A7 M= Error
ms ") e (gm ) {gm ) (gm s ') (gm s Y (%)
[ 0.03 23.0 2.03 12.74 0.0033 0.0042 17
2 0.09 232 3.67 12.74 0.0061 0.0062 1
3 0.14 234 4.60 12.74 0.0077 0.0069 Il
4 0.23 23.0 5.06 12.74 0.0087 0.0084 4
5 0.46 23.0 5.51

12.74 0.0093 0.011 16
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Fig. 7. Predicted and experimental data for the VOC concentration vs time for polyurethane at initial applied amount 0f0.96 g.
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Fig. 8. Predicted and experimental data for the VOC concentration vs time for polyurethane at initial applied amount of 1.82 g.

with the development of this proposed model, the emis-
sion rate can be obtained without expensive and difficult
dynamic chamber testing, and may result in a simpler
and less expensive way to determine the material emission
strength.

The predictions made by this model were validated at
three different levels; with experimental results from the
CBS specially designed test chamber, with experimental
results from the EPA which were carried out inan ASTM
chamber, and finally with the predictions made by other

models. The results indicate that there is, in general,
good agreement between the model predictions and the
experimental results. The main advantage of this model
is that the model does not require any experimental data
as input.

Since the model is based on several assumptions, no
chemical reactions, no temperature difference, no sink
effects. etc. Such assumptions may cause errors when the
model is applied to the real indoor environment. Further
research on these aspects is needed.
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Fig. 9. Polyurethane (applied amount of 1.82 g) emission rates predicted by the EPA mass transfer. first-order decay and the proposed physical

models.
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