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ABSTRACT

This paper presents physical models that are used for analyzing numericdly the transportation of volatile aganic
compounds (VOCs) from building materials in aroom. The models are based on fundamental physicochemica prin-
ciples of their diffusion and adsorption / desorption (hereafter smply sorption) both in building materiads and in room
air. The performance of the proposed physical models is examined numerically in a test room with a technique sup-
ported by computationa fluid dynamics (CFD). Two building materids are used in this study. One is a VOC emis-
son materia for which the emission rate is mainly controlled by the interna diffusion of the materia. The other isan
adsorptive materid that has no VOC source. It affects the room air concentration of VOCs with its sorption proc-
ess. The floor is covered with an emission material made of SBR (polypropylene styrene-butadiene rubber). An ad-
sorbent material made of coal-based activated carbon is spread over the sdewadls. The results of numerica predic-
tion show that the physical models and their rumerical smulations explain well the mechanism of the transportation
of VOCsin aroom.
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INTRODUCTION

Indoor air quality is greetly affected by the emission and sorption of chemica compounds from building meterials. In
this study, physical models of emission and sorption of volatile organic compounds (VOCs) are proposed. The mod-
els are based on fundamenta physicochemical principles of diffusion and sorption of VOCs within both building me-
terids and room air. To demongtrate the validity of the models, concentration distributions of VOCs in a room are
numericaly andyzed by a CFD technique. Here, the floor is covered with an emission materia made of SBR. The
emisson rate of VOCs from SBR is mainly controlled by internal diffusion in the materia (Yang, X., et a, 1998).
Coal-based activated carbon is spread over the sidewalls as an adsorbent material. The adsorbent material used
here has no source of VOCs and affects room air concentration only through its sorption process. It is assumed that
the composition ratio of VOCs does not change and a virtual VOC species (defined as simply VOCs) that repre-
sents the total property of VOCs emitted into the air is used in this study. The final goa of this study isto numeri-
cdly predict the concentration of chemical pollutantsin the air inhaled by the occupants of a room.

PHYSICAL MODEL S OF VOC TRANSFER
Transportation in room air
VOCs emitted from building materias are transported by room air convection, diffused by molecular diffuson and
turbulent diffusion, and taken out through an exhaust opening. The vapor phase concentration C [kgyocs/ k04, Of
VOCsin room air can be described by the mass conservation equation shown in Eq. (1).
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Here, r 4, [kg/nT] isthe air density, | , [kg/(m>sskg/kg)] is the molecular mass conductivity,n , [mP/s] is the turbu-
lence eddy viscosity, s is the turbulent Schmitt number (=1.0). Velocity u; [m/s] andn ; are given by solving the flow
field with the k- e turbulence model of Low Reynolds number type (Murakami, et a., 1996).

Diffusive and adsor ptive transportation in materials

The trangportation of VOCs in building materials (internd diffusion or permeation) is possible through the existence
of fine pores within the building materials. Molecular and Knudsen diffusions in the vapor phase occur through the
pores in the materials due to the concentration gradient. On the surface of the pores, vapor phase VOC is adsorbed
and desorbed as shown in Figure 1.

Adsorbent

ads : adsorptive rate
Pore
gy
Capillary :
: - Ty d : _
Diffusion C : Concentration inypore — !
Local'eqiilibrium
Ceg SR \V)
Pore Adsorptionisotherm Adsorbent Two small control volumes (C.V.) for
—I ar sideandh |i|rling-m.’—xtprial< sde
Cad : Amount of adsorbent
on the surface of pores
Figure 1 : Modding of VOC diffusion and Figure 2 : Modeling of adsorption and desorption
adsorption in the materia of VOCs on the surface of a sorptive material

It can be assumed that VOC diffusion within the substance (the part with no pores in the material) of the materid is
so smdl that the diffusion here may be disregarded compared with that in the pores. The VOC transportation
through the pores and on the surface of the pores can be described by conservation equations (2) and (3) respec-
tively.
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Here, C [kg/kq] is the vapor phase concentration in the pores, C,4[kg/kg] is the solid (adsorbed) phase concentra-
tion on the surface of a pore.r o, [kg/n?] is the net density of adsorbent of the material,l . [kg/(ms kg/kg)] is the
mass conductivity of VOCs in the air within the pores and k [m?®/m] is the porosity of the materia. adv [kg/nPg is
the mass transportation within the pores to the surface of the adsorbent.

Subgtituting Eq.(3) into Eq.(2), the diffusion and sorption equation in the material is obtained as Eq.(4).
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Generalized adsor ption isotherm
In order to close Eq. (4), a so-called adsorption isotherm is introduced. For closed systems under steady conditions,
the rate of adsorption becomes equal to the rate of desorption and thus an equilibrium state is achieved. Since this
phenomenon of sorptive dynamics occurs much faster than with the molecular diffusion in gases, in a smadl CV
(control volume) under isothermal conditions at constant pressure, an equilibrium relation ketween the concentration
in the gas and that on the adsorbent surface is posshle. The relation is expressed by the so-called generd adsorption
isotherm (EQ.(5)).

Cad = f(Ceq.T) (5)
Here, the function f is unique for a combination of adsorbed compound and adsorbent. T [K] is the absolute tem-
perature. Cy [kg/kg] is the vapor phase concentration in equilibrium with the solid phase concentration C,4 on the
surface of the material. Since C in the pores becomes the same with Cg, (loca equilibirum), Cq, can be substituted
by C inthe smal CV including the adsorbent surface.
Simple transportation model governed by effective diffusion
Eq. (4) of the diffusion and sorption equations in porous materiasis re-expressed as Eq. (6) using the relation of the
adsorption isotherm of Eq. (5).
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In Eq. (6), loca equilibrium in a pore (C,,=C) is assumed. When it is isothermd, 17/ 1t can be omitted and Eq. (6)
can be rewritten as smple diffuson equations in Egs. (7) and (8).
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Here, D [?/q] is the effective diffusion coefficient of VOCs in the material. Dc includes the adsorption isotherm f.
Eq. (7) is closed when isotherm models such as Egs. (13), (15) and (17) are introduced as described later. Vapor
phase concentration C is related to the solid (adsorbed) phase concentration C,q in the adsorbent with the adsorption
isotherm in Eq. (5) through the assumption of C=C,. In this context, C represents the total VOC concentration in
the material. In thisstudy, C is used as the equivaent vapor phase concentration to express the concentration in the
materia, instead of C.

The boundary condition at the air-material interface for analyzing the concentrationin room air

Since the transportation of C in the materia and in the room air are solved smultaneoudy, a boundary condition
should be set at the air-material interface. The VOC emission rate at the air-materia interface should be identical
with the transportation rate by internal diffusion from the inside. This condition is expressed as a conservation law at
the surface of the material, as shown in Eq. (9).
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Here, B+ isthe ar-materia surface in the materia-side region, and B- is the air material surface in the air-side re-
gion. Eq. (9) is used as the boundary condition with coupled smulation in the material and in the room air.

SIMPLE TRANSPORTATION MODEL ON SORPTIVE SURFACE

In generd, the diffusion and sorption process in the material can be described using the effective diffusion weffi-
cient D¢ that includes implicitly the effect of sorption. If the material has no VOC source and it contributes to the
room air concentration only with its sorptive process, we can smplify the modeling of the sorption process com-
pared to the modeling stated above. For simple modeling, it is assumed that the adsorption occurs only on the sur-
face (Figure 2). VOC transfer near building materials is also governed by Egs. (2) and (3), as well as the phe-
nomenon within the pores of the material. Here, two CV's (aV[nr]) are set at the interface for simply modding the
trangportation on adsorbent material as shown in Figure 2. The thickness dh [m] norma to the surface element dS
[?] is very thin. This surface dement dS is sandwiched by the CVs; i.e. the CV in the materid and the CV in the
air. Here, dh is assumed so small that the sorption process reaches equilibrium immediately in the CV. When vol-
umeintegration is performed for Egs.(2) and (3) in each CV neglecting the time differential term of the vapor phase
concentration in ar, following Egs. are given.
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With Egs. (10) and (11), the VOC adsorption rate on the surface of the material is related to the molecular diffuson
of VOCs close to the surface of the adsorbent as shown in Eq. (12).
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Here, ads [kg/ns] is the sorption rate (positivel negative of ads corresponds to the adsorption/ desorption rates re-
spectively). 1o, (5ro dV/AS) [kg/nT] isthe plane density of a sorptive materid.

Typical isotherm models

Henry model
For the adsorption under low concentrations of VOCs in the air, the Henry mode (linear mode!) is utilized.
Cad = kn XCeq =kn XC (13)

Here, ki, [-] isthe Henry' s coefficient. The adsorption term in Eq. (12) is rewritten as Eq. (14).
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In the numerical simulation, the VOC concentration in the ar-side CV adjacent to the material cj 5. IS assumed to
be the same as the concentration in the equilibrium state; i.e, c|; =Ce.EQ. (14) is used as the boundary condition
for the sorptive surface when solving Eqg. (2).

Langmuir model
When the VOC concentration in room air becomes high, the concentration of adsorbed VOCs, C,4 on the adsorbent

saturates at a certain level of room air concentration. In this situation, the Henry model overestimates the amount of
adsorbed VOCs. The Langmuir modd is based on the modd of monolayer adsorption that takes into account the
concept of saturated concentration of C,4,. The Langmuir model, which can be gpplied to higher VOC concentra-
tion fieds, is more sophisticated than the Henry model.
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Here, k, [1/(kg/kg)] is the Langmuir’s coefficient and C,yo [Kg/kg] is the concentration of the saturated adsorption
by monolayer adsorption. The adsorption term in Eq. (12) is rewritten as Eq. (16) in the same manner as Eq. (14).
Eq.(16) is used as the boundary condition for the sorptive surface when solving Eq. (1).
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Polanyi DR model
The Polanyi DR approach may be used to describe sorption equilibrium for whole classes of compounds on a par-
ticular adsorbent and the variation of the equilibrium with temperature. This relation is most often presented as a
so-called characteristic curve of the form shownin Eq. (17).
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Here, k, [(cm?mol K)?] |sthe Polanyi’ scoeff|C|ent, Ce: [kg/kg] isthe saturated concentration, Vy, [cm®moal] is the
molecular volume. The adsorption rate ‘ads’ at this time serves as Eq. (18).
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It is convenient to anayze the indoor air quality with this Polanyi model since it explicitly includes the temperature
dependence of the sorption effect in the formulation.

ROOM MODEL AND BUILDING MATERIALSUSED

The room model (2D) used for smulation is shown in Figure 3. The room model has the dimensons (x) ~ (2) =75
Lo” 50Lg(=4.5m" 3.0m, Ly = 0.06m = width of supply inlet). As the VOC source, SBR plate was selected and
used to cover the floor. The emission rate from the material is strongly related to both the initid concentration dis-
tribution C, and the effective diffusion coefficient D within the SBR. In this study, the initidl VOC concentration
digtribution in SBR is assumed to be uniform, C, =0.16 [kg/kg]. Here it is assumed that a new carpet of young age
is furnished. D¢ is assumed to be 1.1 102 [m?s] (at 23°C), following Yang, X.et al. The thickness of SBR is
0.025L, (1.5 10°m). The diffusion of VOCs at the side face and bottom is assumed to be cut off. As the adsorptive
surface, coal-based activated carbon was spread over the sidewalls. The capacity of adsorption depends on the
surface area of the adsorbent. The activated carbon has a wide surface area of more than 10° [n?] per 1 [kg]. In
this study, the plane density r, is set to be T 10° [kg/n"]; i.e. the surface area of the adsorbent is the same as
that of the building materials. This value is quite small from the viewpoint of practical cases. However, one of the
objects of this study is to examine the difference in various models of adsorption isotherm and such a difference will
be clear in the condition where C,4 becomes close to its saturated concentration. Therefore the amount of the ad-
sorbent material was decreased in this study. The parameters in the sorption isotherm are estimated by an experi-
ment in which toluene is adsorbed on coal-based activated carbon (Yu, 1987). Here, we assumed that Henry's k;,
[-], Langmuir’s k; [1/(kg/kg)] and Polanyi’s k;, [(cm*molK)?] coefficients are 3.0 10°, 1.5x 10° and 1.3 x10° re-
spectively. Other estimated values are shown in Table 1.
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Figure 3: Room model (2D)

NUMERICAL METHODS AND BOUNDARY CONDITIONS

Table 2 shows the numerica conditions. FHow fields were analyzed with alow Reynolds number ke model (MKC
model (Murakami, et d., 1996)) with an inflow velocity of 0.1 U, (= 0.1 [mVs]; air change rate = 1.6 [h!]) A cen
tered difference scheme is used for the convection term in ar. Using the results of flow field smulations, the be-
haviors of VOC trangportation were analyzed. Table 1 shows the cases analyzed. Four cases were examined in to-
tal, under the different adsorption isotherm models. The time history of the room air concentration was obtained
over aduration of 1.4~ 10° T, (24 hours, Ty = Ly/Uy).

TABLE 2 : Numerical Conditions

Number of grid points (2D)

Air region : B8(x) " 64(z) (=4.5m(x) " 3.0m(z))

Material region dominated by internal diffusion : 68(x) ~ 41(z) (= 45m(x) = 1.5 10°m(z))

Width of the mesh adjacent to the surface : 06 10°[mm]

Region of adsorptive surface for sidewalls . 55(2) (= 2.94m(2))

Reynolds number Uoko/n =4.210°

M olecular diffusion coefficient of VOCsin air lorar  =5910° [mg] (23 )
Effective diffusion coefficient of VOCsin the material (Yanget.al.) | Dc =1110" [m%s (23 )
Inflow velocity 01Uy =01 [m/g]

RESULTSAND DISCUSSION

For the flow field of the model room, we have conducted precise mode experiments with identical Reynolds num-
bers. The velocity distribution given from the prediction with the low Reynolds number k-e model and the results
obtained in the model experiment are in very good agreement (Murakami, et d., 1999).
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VOC concentration in room air

The history of the room-averaged concentration for 24 hours is shown in Fgure 4. The concentration C is normal-
ized by the initid concentration of the source materia C,. Almost none of the influences of sorption are seen in this
analysis especialy after about 6 hours. However, it is noted that there is very little quantity of the adsorbent meterial
installed in the sidewalls in this andysis. The room-averaged concentration after 24 hours cecreases to 4.22° 10°
[g/n7], and reaches steady state. The maximum room-averaged concentration in te early stages is evaluated as low
in Case 2 and Case 3, which ingaled additiond adsorption material compared with Case 1, and it turns out that the



adsorbent materias have controlled the rise in the room-averaged VOC concentration. In Case 2 and Case 3, since
VOC concentrations near the adsorption walls are very low, there are little differences between the results for the
Henry and Langmuir models. The maximum room average concentration is evaluated as low in Case 4 usng the
Polanyi moddl that evaluates the amount of adsorption greatly in alow concentration region.

Amount of adsor ption on Adsor bent

In this analysis, since VOCs generated from the floor are mainly conveyed in the direction of the left wall by the
room airflow, the amount of adsorption in the left wall side becomes large. The history of the average amount of
adsorption (C,y) by the left wall over 24 hours is shown in Figure 5. In Case 2 (Henry model), the amount of ad-
sorption is evauated as higher than that in Case 3 (Langmuir model) at the early stage of analysis. In Case 4 (Po-
lanyi model), the amount of adsorption is continuoudly estimated as large.

(a) Ca&1 (SBR plate only, *10° [kg/kg]) (b) C&&e 4 (Polanyi model, *10°® [kg/kg])
Figure 6 : Concentration distribution of VOCs (1 hour after the start of analysis)

VOC concentration distribution in room

The concentration distributions of VOCs in Case 1 and Case 4 1 hour from the start of the analysis are shown in
Figure 6. By preparing adsorbent materid in the sdewalls, high-concentration VOCs will not spread in the room.
The VOCs concentration near the left wall is about 4 times higher than that near the right wall due to the influence
of the arflow pattern. The VOC concentration distribution in the room is influenced by the position of the source
and sink materias. The influence of the adsorbent meteria on the room concentration ecomes smal when the
sorption materid is limited and the concentration reaches a steady state. The concentration is not uniformin the
space, and rapidly changes near the floor of the VOC source. The VOC concentrations near the floor (4.67" 10
[g/n7]) are about 11 times higher than  the average room concentration.

CONCLUDING REMARKS

A physicd modd of VOC emission where the emission rate is controlled by interna diffuson was deduced and ap-
plied to the VOC emission from SBR pate in aroom. The adsorption effect of building materias was ssimply mod-
eled and was induded in the prediction modd of the VOC concentration in room air. The model was applied to
adsorption by coal-based activated carbon that was thinly spread on the walls.

(1) The room-averaged VOC concentration decays gradually during the duration of the anadysis. The adsorption & -
fect on the room air concentration becomes clear when the room air concentration changes rapidly.

(2) Since the concentration distribution in the room is not uniform, the amount of adsorption materials and their posi-
tions are important for the concentration.

(3) The differences between 3 types of adsorption isotherm models were clear under the conditions of a smdl
amount of adsorbent material.
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