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Jianshun Zhang, Ph.D. Gang Nong Chia-Yu Shaw, Ph.D., P.E.
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ABSTRACT standing such an impact allows the scale-up of the emission

. . . . data measured in an inexpensive small-scale chamber to build-
The impact of airflow on volatile organic compound . : ;
ings. The difference of airflow between a small-scale chamber

(VOC) emissions from “wet” materials has long been noticed. 4 a building is obvi A I le chamb v h
However, a comprehensive mass transfer model that caaH1 ? fllj' Inbg |sc(; Vious. d'tsma -scdalec.am ﬂer usu?t yhas
predict such an impact has not been reported. The objective gnhpie Tlow boundary conditions and faminar low patterns,

this research was to fill that gap. First, we measured the VO Ih|le condt;tlons n a bun?mg (de.g.,dunpor_l;t_rolle? tlérgulent
emissions of “wet” coating materials (a decane and a woo ow) can be more complicated and significantly different

stain) using a small-scale (0.4%mand a full-scale (55 # from the test conditions. Two main approaches are available

environmental chamber under different airflow conditions. Ajor investigating the impact of airflow on material emissions:

numerical model was then developed to numerically simulatgXPerimental measurements and computer simulations.

the “wet” material emissions. The model considers VOC mass The experimental approach uses environmental test
transfer in the air and material-air interface, diffusion in the chambers to measure VOC emissions under controlled indoor
material film, and diffusion in the substrate. The results fromyonditions (ASTM 1990). Previous experimental studies have
experimental measurements indicate that local airflow hasndicated that the emission process of a “wet” material appears
impacts on “wet” material emissions, especially during thetg have three phases (Zhang et al. 1999). The first phase corre-
early stage. The numerical model developed can predict emigponds to a period shortly after the material is applied but still
sions under different flow conditions with reasonable accUrelatively wet. It appears that VOC emissions are related to
racy. Numerical simulations have further confirmed that thesyaporation at the surface of the material. In the second phase,
emissions from “wet” materials applied to an absorptive ihe material dries down. The emissions transit from an evap-
substrate are dominated by evaporation at the beginning angation-dominant phase to an internal-diffusion controlled
internal diffusion afterwards, which had been speculatethne Then, in the third phase, the material becomes relatively
based on previous experimental data. The numerical modgly and the VOC off-gassing rate becomes small. The domi-
has the potential to simulate “wet” material emissions inhant emission mechanism in this phase is believed to be the
actual building environments based solely on the small-scalfﬁtemm diffusion of VOCs through the substrate surface (e.g.,
chamber data. Chang and Guo 1992; Wilkes et al. 1996; Zhang et al. 1996a).
Further, Chang et al. (1997) and Zeng et al. (1999) both found
INTRODUCTION that the substrates can significantly affect the emission rates

The impact of local airflow (velocity and turbulence) on and patterns of “wet” coating materials. Hence, the emissions
volatile organic compound (VOC) emissions from “wet” coat-of “wet” materials are likely to depend on many factors,
ing materials has long been noticed and discussed by seveiratluding environmental conditions (temperature, air velocity,
researchers (e.g., Zhang et al. 1996a; Haghighat et al. 199drbulence, humidity), properties of the material itself, and the
Sparks et al. 1996; Haghighat and De Bellis 1998). Undeisubstrate.
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Since the emission characteristics of wet materials arEXPERIMENT
affected by many external and internal factors, emission data The purpose of our experiments to measure material

from environmental chambers may not be used directly fOE:missions was two-fold: (1) to investigate the effects of air

b_undlngs. ltwould also pe_too d'ff'C‘J'_t to mvestlgate_the em's'velocity, turbulence, and chamber scale on emission charac-
sions under actual building conditions by experiments.

Aeristics of “wet” materials directly and (2) to provide emis-

feasible way would be to develop computer models to simusioy gata for developing and validating material emission
late the emission processes and interpret the data from inexpdels.

pensive small-scale chamber tests for applications in
buildings. Testing Materials

Currently, there is a lack of a complete emission model  Two “wet” coating materials, a commercial oil-based
that considers both the internal diffusion and the interactiowood stain and a single compound (decane), were tested for
between the material and its environment. Much progress hagnissions. Wood stain is a common architectural coating
been made in developing mass transfer models for the evamaterial with well-known emissions characteristics (Chang
oration period. Guo and Tichenor (1992) developed an evapnd Guo 1992; Sparks et al. 1996; Yang et al. 1998a; Zhang et
orative mass transfer model, the vapor pressure and boundaly 1999), although different wood stains may have different
layer (VB) model for VOC emissions from interior architec- compositions and exhibit different emission characteristics. A
tural coatings. The VB model has been widely used for simuieadspace analysis was conducted on the wood stain to deter-
lating the early stage emissions of “wet” materials. Howevernine the compounds emitted. In this procedure, a sample of
it may not apply to the entire emission process as the modeétod stain was placed in a small airtight glass container.
neglects the internal diffusion in the materials film and theSamples of the air inside the container (i.e., headspace) were
effect of substrate. Further, the VB model requires the gdéen analyzed by gas chromatography and mass spectrometry
phase mass transfer coefficient as an input. Gas phase m§8§/MS). The headspace analysis indicated that the wood
transfer coefficient is usually determined by the flow field,Stain contains five major compounds: nonane, decane, unde-
such as air velocity, flow direction, and turbulence. Sparks t2n€, dodecane, and octane. The single compound decane was
al. (1996) developed a correlation of the gas phase mass trafs? tested in that its emission characteristics can be compar_ed
fer coefficient with the flow Reynolds number (Re) and theW'th th_ose of the wood stain as reference dgta. To test me_\terlal
VOC Schmidt number (Sc). However, the correlation may nogmissions under a real scenario, the materials were applied on
be applicable to buildings in which the flow conditions usuallyan oak substrate of 0.06%f0.24 mx 0.25 m).
cannot be represented by a single Reynolds rlumbe_r. Yang'leé[sting Facility
al. (1997, 1998a) and Topp et al. (1997) numerically simulated
the dynamic mass transfer coefficient under a small or full-  In order to generate different types of airflow patterns,
scale environmental chamber. Despite such progress, nboth a small-scale and a full-scale environmental chamber
much work has been done on the material side. Limited workere used. The small-scale chamber (Zhang et al. 1996a)
other than the VB model either assumes a constant surfagensists of an inner and an outer chamber, both made of stain-
concentration (Topp et al. 1997) or uses curve fitting to obtait¢ss steel (Figure 1). The outer chamber is 1.0 mdhg m
the time-dependent surface concentration from the measurifide x 0.5 m high (0.4 ). The material was placed in the
chamber concentration data (Yang et al. 1998a). These mod&i§er chamber, where the local velocity was controlled by a

are either not accurate or not practical in simulating the emi§tainiess tube-axial fan.
sion process. The full-scale chamber (Zhang et al. 1996b) is 5 m long

o ) x4 mwidex 2.75 m high (55 ), as shown in Figure 2. A

The objective of this research was to quantitativelysquare air diffuser was located at the center of the ceiling and
study the effects of an important environmental factor—n exhaust opening was at the corner of the ceiling. The air
airflow on VOC emissions from “wet” coating materials. sypply from the diffuser flowed along the ceiling and then
First, we conducted experiments using a 04est chamber mixed with the chamber air. The test sample was placed 1.0 m
and a 55 mfull-scale chamber that simulates a real roomfrom one side wall at the central section of the chamber (Figure
The data were further used to develop and validate a numepy, as the airflow there was expected to be parallel to the
cal model. This numerical model applies to the entire emissubstrate and not affected by the side wall.
sion phases of “wet” materials. The use of this model  An electronic balance was used to monitor the weight loss
requires the thermodynamic properties of compounds ajue to the VOC emissions from the testing materials (Zhang
materials. These properties can be inferred from inexpensivg al. 1999). In order to confirm the results from the balance,
headspace analysis and small-scale chamber data. Hence, tthe total VOC (TVOC) concentrations at the small-scale
model has the potential to simulate “wet” material emissionghamber’s exhaust outlet were also measured by using direct
in actual building environments based solely on the smallsampling and analysis with a flame ionization detector (FID)
scale chamber data. as well as tube sampling and GC/FID analysis. The concen-

2 AT-01-13-2
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Figure2 Schematic of the full-scale chamber for emission
measurements.
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o Do oNeE and 9 ACH, to represent several situations in actual buildings.

Other test conditions can be found in Table 1.

Figurel The small-scale chamber for emiss

measurements. MODEL DEVELOPMENT

VOC emission from a “wet” coating material is the result
trations of individual compounds (nonane, decane, undecangt interactions among the coating material, the substrate, and
dodecane, and octane) were also obtained from the GC/Flfe environment (air phase). The emission model is developed
analysis. The TVOC concentrations in the full-scale chambajased on the simplified physical system, as illustrated in
were measured using both a gas monitor and GC/FID. Figure 3. The figure shows a “wet” coating material applied
onto a porous, absorptive substrate. Since the amount of coat-
ing material applied is small, the material may be quickly

In conducting the experiments, different airflow patternsabsorbed by the porous substrate, and a wet layer with a
were achieved directly by using different chambers as well asiform initial VOC concentration could be formed inside the
by changing the ventilation rates in the full-scale chamber. Aubstrate. The upper boundary of the wet layer is exposed to
total of six cases were tested, as listed in Table 1. For the smalimbient airflow and the lower boundary is the substrate
scale chamber cases, the maximum air velocity above theitially unaffected by the wet film. During the drying process,
material in the inner chamber was controlled to be around 0.1&e main VOC emission mechanisms are the diffusion of the
m/s and the air exchange rate in the whole chamber was IMDC molecules through the film layer and evaporation of the
ACH (air change per hour). The full-scale chamber was opeiOCs from the film surface. In addition, the VOCs can also
ated at three different air exchange rates, i.e., 1 ACH, 5 ACHiliffuse to or from the substrate through the film-substrate

Testing Conditions and Cases

TABLE 1
Testing Cases
» Environmental conditions
Initial mass
Emission applied Air exchangerate | Temperature Relative
Case No. material (9) Chamber size (ACH) (°C) humidity (%)
Case 1-1a Decane 4.3710 -
_ Small-scale - a 1 25405 50+ 2

Case 1-1b Wood stain 4.5083 | (1.0mx 0.8 mx0.5m=0.4m)
Case 2-1b Wood stain 4.5270 1
Case 2-2a Decane 4.7660 -

_ Ful-scale 5 23.5+0.5 50+ 2
Case 2-2b Wood stain 4.1860 |(5.0mx4.0mx2.75m =55 )
Case 2-3b Wood stain 4,9453 9
AT-01-13-2 3




interface (sorption of VOCs by the substrate). Further, we Velocity Concentration
assume the following: profile profile

1. Both the material film and substrate can be treated, from
macroscopic point of view, as homogeneous. Hence, it i
possible to define an effective VOC mass diffusivity
(including TVOC).

2. During the emission process, VOCs in the material film ant
the VOC vapor pressure are in thermodynamic equilibriun
at the material-air interface. The VOC off-gassing onl
occurs at the material-air interface.

3. Fick’s law applies for VOC mass transfer.

4. Heat generation/release associated with the emissions is
negligible. Figure3 Physical configuration of VOC emission
5. The VOCs are passive contaminants and have no impact on mechanisms for a “wet” material applied onto an
airflow. absorptive substrate. 1. boundary layer
diffusion; 2: phase change; 3: in-film diffusion;
4: in-substrate diffusion.

Air

Interface

Material film

Substrate

Based on the above assumptions, VOC emissions from a
“wet” material are governed by mass transfer in four different

layers: the material film, the substrate, the material-air mterk-J ond the scope of this paper. As an approximation, the

face, and the air phase (Figure 3). The governing equations {/Oc diffusion coefficient in the substrate (see below) can be

discussed below. :
used as an asymptotedf, at low concentrations.

Material Film
Substrate

The three-dimensional VOC diffusion in the material film

is governed by Fick’s law: Theoretically, Equation 1 also applies to the VOC diffu-

sion in the substrate. However, since both the VOC concen-
G&n _ 0. 9Cn 1 tration and diffusion coefficient in a substrate are small, the
ot 0% gjm 0%, 0 @) process can be simplified by neglecting the dependence of the

diffusion coefficient on VOC concentration (Schwope et al.

where 1989) and assuming a one-dimensional diffusion in the
C, = VOC concentration in the material film, mgim substrate. The latter simplification allows the use of a sorption
T time. s model (Yang and Chen 1999; Yang 1999) to analytically solve

_ - coordinatesj 1,2,3) the VOC mass transfer rate at the material film-substrate inter-
% B ) ) ) e o o face. In this way, no numerical grid in the substrate is needed.
D, = effective diffusion coefficient in the material film,

2 o
m/s Material-Air Interface

The D,, is a function of the pore structure, the material
i ; fom liquid or solid phase concentration on the material side,
concentrations. For a given compound, substrate, and tempex-

S m (mg/nt), to the gas phase concentration on the air Side,
?c:léﬁl,(;\?vead;ﬁ)r%rjgguceﬁﬁn?;rivcglce(;%r;g:]t'rauon is assumed (mg/n?). At equilibrium, the VOC concentrations in the two

phases, in the simplest form, follow Henry's law:

C 3
D, = Dm‘OD—rT;H (2) Ca= Kimalm (3)
m,
whereK,,, is the dimensionless material-air partition coeffi-
where cient. It is a material property and can be obtained from phys-
Dmo =initial diffusion coefficient in the material film, s ical data or by static headspace analysis (to be discussed later).

Cmo =initial VOC concentration in the material film, mgim

Equation 2 was taken after a similar study of the deperﬁIr

dence of moisture transfer on moisture content in a hygro- The VOC transport in the air is determined by diffusion
scopic material (Chen and Pei 1989). Note the equation madkrough the boundary layer at the material-air interface.
not apply for a very smalC,/C, , (when material film is Hence, a complete set of room airflow and VOC transport
totally dry) in that it will lead to an infinitely smal,, as  equations in the air phase are needed in order to fully describe
Cy/Cmo approaches 0. The VOC diffusivity in a dry film the VOC transport in the air. For an isothermal, incompress-
needs to be measured directly or estimated with long-teriible, Newtonian flow, the conservation equations for continu-
(e.g., several weeks or months) experimental data. This i, momentum, and VOC species are as follows:

4 AT-01-13-2



Continuity

0 -
6_)(] ( uj ) =0 (4) Supply air

from duct

Momentum (isothermal flow)

Supply air

i i _ im%‘]_l_aj diffused to room
aT(Ui)+an(UjUi) = ax Tpaxl pox,
(i=1,2,3) (%)
Air phase VOC species o

9 9 _ 0 9Co : , L

=(C) +7—(uC,) = —BDa +S (6) Figure4 Measured inlet flow boundary condition in the

ot ox ') X ox. _

J ! J full-scale chamber with 5 ACH.
where, in Equations 4-6,
M = molecular viscosity of air, Pa-s y y
= air density, kg/m Ch 0Cps , .

P » K9 Dy = Dns, - atthe film-substrate interface  (9)
P = air pressure, Pa y y _ _
C, = airphase VOC concentration, mg/m C, = Csat the film-substrate interface (10)
D, = VOC diffusion coefficient in the air, s Cm, y=Ly, = 0 atthe other side of the substrate ~ (11)
S = VOC source term, mgffs; S= 0 if no additional The RNG ke model uses wall functions for the near-wall

sources or sinks region. The wall function for VOC near the substrate is

For laminar flow (e.g., flow in the small-scale chamber),0btained by using the heat and mass transfer analogy:

the above continuity and momentum equations are solved +_ anst * e
numerically to obtain the distributions of air velocity. Ca' =Sy fory < 11.5 (122)
However, the airflow in a typical ventilated room (e.g., the v

4
full-scale chamber) is turbulent. In such a case, we also need C," = Sg|u* + gS¢ _ 0 fory">11.5 (12b)

a suitable turbulence model so that we can simulate the airflow S¢q 1DDde
and VOC transport using a personal computer. Chen (1995,

1996) calculated the various indoor flows with eight diI"ferentWhere

turbulence models. His study concluded that the renormaliza- +_ (Cqint—CY
tion group (RNG) ke model (Yakhot et al. 1992) is the best Ca = Tint
among the eddy-viscosity models tested. This study has used
the RNG ke model for the airflow simulation. +_ YUP
V]
Boundary Conditions
T
Appropriate boundary conditions for velocities and VOC U = J%V
species are needed in order to close the governing equations.
The velocity boundary conditions, including inlet, outlet, and ur=4
walls, are given by Yang et al. (1998a, 1998b) and Yuan et al. Uy

(1999). For the full-scale chamber, the inlet velocity was not 4
uniform. The velocity distribution was measured by a portable.
velocimeter and the measured data were then used as the"
boundary condition for the flow simulation. Figure 4 gives the
measured inlet boundary condition for the case ACH =5. Thént
thickness of the inlet slot was adjusted as 0.00875 m, 0.015 m,
and 0.025 m for ACH =1, 5, and 9, respectively. y

air phase VOC concentration at material-air
interface, mg/m
= VOC mass transfer rate at material-air interface,
mg/nts
distance between the first grid node and the wall, m

The boundary conditions for VOCs are as follows: u = velocity parallel to the wall at the first grid node, m/s
Ty = wall shear stress, kg/fs
Casinlet= 0 at the air inlet (7) sg = turbulent Schmidt number of VOC (1.0).

AT-01-13-2 5



Numerical Method velocity fluctuation above the material in the full-scale cham-
Since VOC emission has a negligible impact on airﬂOWber (1, 5, 9 ACH). The velocity fluctuation was defined as

the numerical simulation of the above equations Wa§2W3,Wherek is the kinetic energy of turbulence.

conducted in two separate steps. First, a commercial compu- The above results indicate that in the full-scale chamber,
tational fluid dynamics (CFD) program (CHAM 1996) was a larger ventilation rate created larger local velocity and larger
used to simulate the airflow and obtain the steady-state disttiirbulence distributions around the testing material. The
butions of air velocity and turbulent intensity. The flow resultssmall-scale chamber had similar maximum velocity as the
were then incorporated into the VOC mass-transfer equatiorisll-scale chamber with 9 ACH but with different turbulence
for simulating emissions. This procedure involved thelevel, i.e., laminar flow in the small-scale chamber but turbu-
coupling between air region, interface, material film, andent flow in the full-scale chamber.

substrate (sorption model). Details of the procedure are given Because the local flow characteristics in the small-scale

in Yang (1999). ) . chamber and in the full-scale chamber (with different ventila-

The above mathematical model is based solely on thg,, rates) were different, it was expected that the emission
mass transfer mechanisms during each phase. Theoreticafly;oq ynder these flow conditions would also be different. The
the model can predict VOC emissions, provided that the phyggjowing sections present the results of VOC emissions by

ical properties of the compounds and substrate are giVeggi experimental measurements and numerical simulations.
Although the properties, such as the material-air partition

coefficient, can be experimentally measured, others, such as 1.0

the effective diffusivities in the material film and substrate, are 1 T~

more difficult to obtain accurately. Recently, Bodalal et al. 1 \
(1999) developed an experimental method to measure VOC 08 i N
diffusivity in several solid materials. However, the diffusivity ~ ] \
for “wet” coating materials and oak wood substrate are not yet S 067

available. In this study, we obtained the VOC diffusivities in - S \
the material film and the substrate by fitting the simulated T :

VOC emission rates with the small-scale chamber data. With 04 .

the material diffusivities, the model can then be used to simu- .

late emissions in a room without further adjustment. In this 027

paper, the experimental data measured in the full-scale cham- ] /J
ber were used to validate the emission model developed. P B / N

0.00 0.04 0.08 0.12 0.16
Velocity (m/s)

RESULTS

Characteristics of Flow Fields , . o
. . o Figure5 Simulated velocity distribution by CFD above the
Figure 5 shows the simulated velocity distribution above material in the inner chamber of the small-scale

the mgterial in the inner (_:hamber o_f th_e small—scale chamber chamberh = 0.08 m (inner chamber height).
and Figure 6 shows the simulated distributions of velocity and

25 257] ]
1 1 s
] ', 1 7
20— “.“ 2.0 ; A Y
I 3 1 / }
~ 11! = 1
E 15 " £ 15 ] )
210 201 !
o4t i = ] )
1.0 11 H 1.0 ] \
1 ,' ) il —-- 1acm ] i \ - - 1ACH
] s i 1
0.5 'I /_."“ —— 5ACH 057 t —— S5ACH
1/ / ] I' """"
Yooror-: 7™ | | 9acH | 1M1l | e 9ACH
0.0 ] 0.0
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Velocity (mv/s) Velocity fluctuation (m/s)
(a) Velocity (b) Velocity fluctuation

Figure6 Simulated velocity and velocity fluctuation above the material in the full-scale chamber.
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The regression results afb, ¢, d, andf for the test cases
are summarized in Table 2.

Experimental Results of VOC Emission Rate

Emission Rates Obtained from the Electronic
Balance. For the “wet” materials tested, the weight loss was  Effectsof Airflow on Emission Char acteristics. Figure
entirely due to the VOC emissions from the emission source. compares the TVOC emission rates of wood stain in the
The emission rates can thus be obtained from the measurgghal-scale and the full-scale chamber. Cases 2-1b, 2-2b, and
weight data. 2-3b were conducted in the full-scale chamber with air

The following exponential-power equation (Zeng et al.exchange rates of 1 ACH, 5 ACH, and 9 ACH, respectively. In
1999) was used to fit the weight data: the initial period (0-0.2 h), when emission was mostly
controlled by surface evaporation, emission rates for cases
with larger velocity and turbulence (e.g., case 2-3b) were
higher than those with smaller velocity and turbulence. The
weight of the “wet” material remaining in the flow field with larger velocity and turbulence generated a
substrate, g larger mass transfer coefficient and resulted in a larger initial
a, b, ¢, d, f = constants determined by least squares regressiorﬁ’,‘miSSion rate. Note both case 2-2b and case 2-3b had higher
analysis initial emission rates than case 1-1b. This may be particularly
weight of non-VOC content, g attributed to the effects of turbulence on the boundary layer
In Equation 13g = 0 for decane and = 15.6% of the mass transfer. Cases 2-2b and 2-3b had a slightly smaller local

initial mass of wood stain applied (estimated by using thé(elocity than case 1—1-b, but the flow was turbulent for cases 2-
weight loss of wood stain applied on a glass plate over a perid and 2-3b while laminar for case 1-1b. On the other hand, the

of 96 hours). The TVOC emission rate can then be calculatdgitial emission rates of case 1-1b were larger than those of
by case 2-1b. This is because the local air velocity of the former

case (0.15 m/s) was much higher than that of the latter one
E(t) = —d[W(1)]/dt = abexp(-bt) —cf(t +d)f 2 (<0.03 m/s), although the flow was turbulent for the latter case.

W(t) = aexp(-bt) + c(t + d) + g (13)

where
W(1)

g

(14)

TABLE 2
Regression Data for W( 1) Using Exponential-Power Equation

Case No. a b c d f g Regression coefficient R?
Case 1-la 2.8734 0.9279 39.6164 12.6941 -1.2655 0.0 0.9994
Case 1-1b 1.2904 1.9768 3.2826 1.9266 -0.4200 0.7028 0.9999
Case 2-1b 1.4434 1.7273 2.9565 1.9276 -0.2108 0.705%7 0.9992
Case 2-2a 3.2428 1.1942 2.3068 2.7613 -0.3132 0.0 0.9989
Case 2-2b 0.8024 2.1436 2.1424 0.1595 -0.1173 0.6525 0.9965
Case 2-3b 2.0753 0.0013 1.0190 0.2465 -0.5469 0.7709 0.9921
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(a) 0-0.2 hour (b) 0-24 hours

Figure7 Measured TVOC emission rates of wood stain in different chambers.
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In the second period (0.2-6 h), it became unclear whichial or compounds. Among others, the partition coefficient for
case had a higher emission rate. The general trend was that#sod stain was obtained from headspace analysis by analyz-
emission rates of the cases with larger initial emission ratgfg the air phase TVOC concentration of the wood stain. The
decayed faster. In the third period (from 6 h), the cases thﬁﬁuid expansion factora) was introduced to represent the

emitted fgster initially (e.g.., case 2-3b) had smal.ler emiSSiOQbsorptivity of the substrate. Physicatiymeans that once a
rates. This could be explained by two factors. First, as mor, et” material is applied onto an absorptive substrate, the

and more VOCs were off-gassed, emissions changed from

evaporation dominant to internal diffusion dominant. ThereyoIume of the liquid film absorbed by the substrate will be

fore, the impact of local airflow became less important_expanded by a factor afto the initial volume, and the initial
Secondly, the “wet” films for cases with higher initial emis- VOC concentration in the film will decrease by a facton of

sion rates also dried faster at the material surface. So tH&ea value was obtained by fitting the simulated emission
surface concentration became smaller at a later time. Also, the

dried film could add more resistance to the VOC diffusion at 10
a later emission phase. Therefore, emissions during the second
and third period were likely to be affected by combined
factors.

Similar phenomena also occurred to decane. Figure 8
shows the emission rates of decane in the small-scale (case
1-1a) and the full-scale chamber (case 2-2a). The initial
emission rate was 2.82 g/h in the small-scale chamber, and
4.06 g/h in the full-scale chamber. From 0-1.2 h, the emis- 0.01
sion rates in the full-scale chamber were larger than those in
the small-scale one. After then the trend reversed. 0.001 T

0.0 6.0 12.0 18.0 24.0
Simulation Results of VOC Emission Rate Elapsed time t (h)

Material Properties Used in the Numerical Model.

Table 3 lists the physical properties needed by the numericdfigure8 Measured emission rates of decane in different

—— Small-scale (1-1a)

Lol Ll

/

Emission rate E(t) (g/h)

------ Full-scale (2-2a, SACH)

0.13

/

Ll

model. Most of the parameters are the properties of the mate- chambers.
TABLE 3
Physical Properties of Decane and Wood Stain Applied on Oak Substrates (23.5°C)

Property Symbol (unit) Decane Wood Sain
Liquid density (initial) p, (mg/n?) 7.3x1082 8.18x10°P
Initial VOC concentration in liquid Cio (mg/n?) 7.3x10° 6.909x108°¢
VOC vapor pressure Cao (mg/n?) 124664 171317
Partition coefficient Kima () 58559.3 40330
Liquid expansion factor in substrate a(-)9 1.2 1.33
Initial VOC concentration in film Crmo (mg/?) " 6.083<10° 5.195¢10°
VOC Schmidt number Sc ()¢ 2.6 2.6
Initial VOC diffusivity in film Do (M¥/s)’ 1x101t 1x101t
VOC diffusivity in substrate Dy (M?/s)’ 1x1014 1x1014

aLide 1995

bLab measurement

¢Lab measurement using glass substrates

dChang et al. 1992

®Headspace analysis

f Kma=Cio/Cao

9 Obtained by fitting the simulated initial emission rates (0-0.2 h) with the small-scale chamber data
(casel-1a for decane and case 1-1b for wood stain)

" Cmo = Ciola

' Obtained by fitting the simulated emission rates (>0.2 h) with the small-scale chamber data
(casel-la for decane and case 1-1b for wood stain)
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rates with the data during the initial period, when the emisfitting the simulated emission rates to the data. The model
sions are dominated by evaporation and initial conditions. Theeeds to be further validated. This was done by applying the
properties most difficult to determine are the diffusivities ofmodel and the material properties obtained from the small-
VOCs in the material film and in the substrate. The valuescale chamber to full-scale chamber cases, as demonstrated
listed in Table 3 were obtained by fitting the predicted VOCbelow.
emission r_ates to t-he small-scale -experime:\n.tal (reference) Figure 10 shows the comparison of the simulated VOC
Qata. Special attentllon had been paid to avoiding the esliMgr,ission rates from the wood stain with the measured data for
tion errors dug to mter—dep_endency C,)f the two Parameteis A in the full-scale chamber (case 2-2b). Comparison of
(Do andDyg in the regression analysis (Yang 1999). the wood stain emissions at other ventilation rates (1 ACH and
Comparison of Simulated Resultswith the M easured 9 ACH) and decane (5 ACH) between the simulated and
Data. Figure 9 compares the measured and simulated VO@easured results follows similar trends. Again, the numerical
emission rates of wood stain in the small-scale chamber (cas®del performed better than the VB model, especially during
1-1b) using both the numerical model and the VB model. Thihe diffusion-controlled period. The full-scale chamber simu-
average air phase mass transfer coefficient used in the MBtion used the same material properties obtained from the
model was 4.03 m/i/(= 0.15 m/s). The value was obtained small-scale chamber. The relatively large discrepancy during
by CFD simulation and confirmed by using the mass transfed.25-7 hours may be attributed to the simulation error caused
correlation for laminar flow (Yang et al. 1998a). Since the VBby inaccurate estimation of material properties and the simu-
model assumes no internal diffusion in the material film andation error of velocity and turbulence distributions. In addi-
the substrate, it only applies to the period when the emissioti®n, the electronic balance also experienced fluctuations due
are dominated by surface evaporation. The difference in thie the turbulent flow in the full-scale chamber, so the measured
emission rates was predicted by the VB model, and the numeseight decay data could also have some error. Taking these
ical model indicated the effects of diffusion. The results shoveombined factors into consideration, the simulated emission
that evaporation dominated the emission process during thiates agreed reasonably with the measured data.

first two hours for decane but only the first 0.2 hour for the 11,5 apove results indicate that the numerical model is
W_OOd_Stam' After that, emissions gratjually became _'nt?mac!apable of predicting “wet” material emissions in both small-
dlffuslllon Sontrollt_ad. The_above conﬁrmed_ that emissiongq5|e (laminar flow) and full-scale (turbulent flow). The emis-
from *wet” materials applied to an absorptive substrate argj, characteristics of a “wet” material will change when the
dominated by evaporation at the beginning and internal diffug, ironmental conditions change. The model can physically
sion afterward, which had been speculated based on previoygress the effects of the environmental conditions (velocity,
experimental data. turbulence, etc.) on emissions, provided that the material

Figure 9 also shows that the simulated VOC emissioproperties are known. With the property values, the model can
rates agree with the small-scale chamber data. This is expectegl used to study “wet” material emissions in actual building
because the agreement was achieved by adjusting the mategiavironments without resorting to highly expensive full-scale
properties (diffusivities in the material film and substrate) andenvironmental chamber tests.

10 3 Experiment L, = Experiment [
] oh
§ 1 ;\‘ ~ T VB model E \\\ — — VB model —
= I it S\
e 0.1 “\\3\ ....... crp - 2 o1+ \\ """" CFD —
S 3 T w—— | o E oo
3 R o 1 e
g 3 R | 8 ] \ \\5...
% 00173 ~N< - = g 0013 N —
T [
= 0001 3 S o 0001 3 <
8 3 ~ o E N
= ] RN Z . .
& 0.0001 3 < 0.0001 3 N
E 7 N
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Figure9 Comparison of measured and simulated \ Figure10 Comparison of measured and simulated VOC
emission rates of wood stain in the small-s emission rates in the full-scale chamber (case

chamber (case 1-1b). 2-2b, 5 ACH).
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CONCLUSIONS Chen, Q. 1995. Comparison of differente kmodels for
indoor airflow computationdNumerical Heat Transfer,
Part B 28: 353-369.

hen, Q. 1996. Prediction of room air motion by Reynolds-
stress modelsBuilding and EnvironmenB81(3): 233-
244,

hen, P., and C.T. Pei. 1989. A mathematical model of dry-

The effects of airflow on emission characteristics of
“wet” materials, including a single compound (decane) and a
commercial oil-based wood stain applied on oak boardsc,
were investigated using a small-scale (0.3 end a full-
scale (55 ) environmental chamber. A numerical model
has been developed to simulate the “wet” material emissiong. k :
This model considers VOC mass transfer in the air and mate- N9 Processednternational Journal of Heat and Mass
fial-air interface, diffusion in the material film, and diffusion  1ransfer32(2): 297-310.

in the substrate. The study led to the following conclusions:GU0; Z., and B.A. Tichenor. 1992. Fundamental mass trans-
, Lo fer models applied to evaluating the emissions of vapor-
1. The results from the experimental measurements indicate phase organics from interior architectural coatiys-

that the emission characteristics of “wet” materials can be ceedings of EPAJAWMA Symposium, Durham, N.C

affected by local airflow. The emission data measured fror‘liaghighat F., Z. Jiang, and Y. Zhang. 1994. The impact of
a small-scale chamber may not be applied directly to a ventilation rate and partition layout on the VOC emis-

building due to different airflow conditions between a 00 4o Time-dependent contaminant remdvialoor

small-scale chamber and a building. Air 4: 276-283
2. The emission model developed can predict emissions undgaghighat, F., and L. De Bellis. 1998. Material emission
different flow conditions (laminar flow in a small-scale rates: Literature review and the impact of indoor air

chamber and turbulent flow in a full-scale chamber) with  temperature and relative humiditguilding and Envi-
reasonable accuracy. The numerical studies also confirm ronment33(5): 261-277.
that the emissions from the “wet” materials applied to an jde, D.R. (editor-in-chief). 1995Handbook of Chemistry
absorptive substrate are dominated by evaporation at the and Physics76th ed. CRC Press.
beginning and internal diffusion afterward, which had beerschwope, A.D., W.J. Lyman, and R.C. Reid. 1989. Methods
speculated based on previous experimental data. for assessing exposure to chemical substancésetin-

3. The use of this numerical model requires material proper- 0dology for estimating the migration of additives and
ties, such as the VOC diffusivities in the material film and ~ impurities from polymetric materialgol. 11.Washing-

the substrate. With these property values, the model can be ton, D.C.. U.S. Environmental Protection Agency,
used to study “wet” material emissions in actual building ~ Office of Toxic Substances, EPA/560/5-85-015.

environments. Sparks, L.E., B.A. Tichenor, J.C.S. Chang, and Z. Guo.
1996. Gas-phase mass transfer model for predicting vol-
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