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ABSTRACT

This paper presents physical models used in numerically
analyzing the transportation of volatile organic compounds
(VOCs) from building materials in a room. The models are
based on fundamental physicochemical diffusion and adsorp-
tion/desorption (hereafter sorption) principles, both in the
building materials and in room air. The performance of the
proposed physical modelsis evaluated quantitatively in a test
room using a technique that incor porates computational fluid
dynamics(CFD). Two building materialsareusedinthisstudy.
OneisaVOC-emission material whoseemissionrateismainly
controlled by the internal diffusion of the material. The other
isan adsorbent material that hasno VOC source, but it affects
the room air concentration of VOCs through its sorption
process. The emission material, made of SBR (polypropylene
styrene-butadiene rubber), is situated on the floor. The adsor-
bent material, made of a charcoal-based activated carbon, is
spread over the walls. The results of the numerical analysis
showthat the physical model sand their numerical simulations
effectively explain how VOCs are transported in a room.

INTRODUCTION

A method for predicting the distribution of chemical
pollutants emitted in aroom wasinvestigated. Indoor air qual-
ity isgreatly affected by the emissionand sorption of chemical
compounds from building materials (Haghighat and de Bellis
1998; Meininghaus et al. 1998; Chang et al. 1992; Christian-
son et al. 1993; Bluyssen et al. 1995). In this study, physical
models of emission and sorption of volatile organic
compounds (VOCs) are proposed. The models are based on
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the fundamental physicochemical principles of diffusion and
sorption of VOCsin both building materials and room air.

To demonstrate the validity of the models, concentration
distributions of VOCs in aroom are analyzed quantitatively
using a computational fluid dynamics (CFD) technique. Here
the emission material, made of SBR, is situated on the floor
[note 1]. The emission rate of VOCs from SBR is mainly
controlled by internal diffusion in the material (Yang et al.
1998). In this study, a charcoal -based activated carbonisused
as the adsorbent material, which has no source of VOCs and
affects room air concentration only through its sorption
process. It is spread over the walls.

It isassumed that the composition ratio of VOCs does not
change; avirtua VOC species representing the total property
of VOCs emitted into the air is used in this study. The virtual
VOC is defined in this paper as a representative VOC (or
simply VOCs).

Many factors, including emission, adsorption/desorption,
air change rate, and chemical reactions within the source
meaterial and theroom air, affect the concentration of chemical
pollutants within a room (Wolkoff and Nielsen 1996;
Murakami et al. 1999). The goal of this study isto predict the
concentration of chemical pollutantsin the air inhaled by the
occupants of the room.

PHYSICAL MODELS OF VOC TRANSFER

Transportation in Room Air

VV OCsemitted from building materials are transported by
the convection of the room air and dispersed by molecular
diffusion (A5/Pair [m?/s]) and turbulent diffusion (v /o [m?/s))
(cf. Figure 1). Thevapor phase concentration C (kQyocs/KGair)
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Figurel Room model.

of VOCsin the room air can be described by the mass conser-
vation equation as given in Equation 1:

ac o(uc _ a

oC PaiirpCr
pairat +pair axj - axj a+ (1)
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Here, p,i, (kg/m3) istheair density, A a(kg/[mskg/kg]) is
the molecular mass conductivity, v; (m?ls) is the turbulence
eddy viscosity, and o is the turbulent Plandtl number (= 1.0).
Velocity u; (m/s) and v; are given by solving for theflow field
with alow Reynolds number type k- turbulence model. Thus,
Equation 1is closed.

Diffusive and Adsorptive
Transportation in Materials

The transportation of VOCs in building materia's (inter-
nal diffusion or permeation) is possible because of the fine
poresfound in the materials. However, the diffusive transport
of VOCs within such porous materials is very complex.
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 VOCs are
adsorbed and desorbed as shown in Figure 2. We may assume
that the V OC diffusion within the nonporous part of the mate-
rial issosmall that thediffusion heremay be disregarded when
compared with that which diffuses through the pores. VOC
transportation through the pores and on the surface of the
pores can be described by the conservation equations (2 and
3), respectively. Equation 2 isadiffusion equation through the
pores with source and sink terms (sorptive effect).

aC _ 4 9Ch

kpairﬁ - a_XJ CanD_adV (2
oC
Psol atad = adv (3)

Here C (kg/kg) is the vapor phase concentration in the
pores, C,, (kg/kg) is the solid (adsorbed) phase concentration
on the surface of a pore, pg, (kg/m®) is the net density of the
adsorbent material, Ac (kg/[ms kg/kg]) is the mass conduc-
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Figure2 Modeling of VOC diffusion and adsorption in the
material.

tivity of VOCs in air within the pores, and k (m¥/md) is the
porosity of the material [note 2].

Substituting Equation 3into Equation 2, the diffusion and
adsorption equation for the material is obtained and given as
Equation 4.

oc _ o ocy , 9C
airgr ~ ax 0 cox O Psol T3¢

kp (4)

Equation 4 is not closed since it includes two unknowns,

Generalized Adsorption Isotherm

In order to close Equation 4, a so-caled adsorption
isothermisintroduced. For closed systems under steady state,
the rate of adsorption is equal to the rate of desorption, thus
achieving equilibrium. Since this phenomenon of sorptive
dynamics occurs much more rapidly than that of molecular
diffusion in agas, in asmall CV (control volume) under the
isothermal conditions at constant pressure, an equilibrium
relation between the concentration in a gas and that on an
adsorbent surface can berealized. Therelationisexpressed by
the so-called general adsorption isotherm (Equation 5).

Cad =f(Ceqy T) ©)
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Here the function f is unique for a combination of
adsorbed compounds and adsorbents. T (K) is the absolute
temperature.

Thetime differential of C,q4is expressed as Equation 6.

6Cad - af aceg_'_ga_T (6)
ot ~ C, ot ~ oTot

Since C in the pores becomesidentical to Co, as stated in
Note 2, C can be substituted for Cg; inthe small CV, including
the adsorbent surface.

Simple Transportation Model
Governed by Effective Diffusion

Equation 4, for diffusion and adsorption in porous mate-
rials, is reexpressed as Equation 7 using the relation of the
adsorption isotherm (Equation 6).

oIC _ 2.3 oCp . ofaT
B(pairJ'psolaCDat - axl_ CanD_psoIaTat (7

In Equation 7, the assumption of local equilibrium in a
pore (Coq = C) is applied. When conditions are isothermal
(temperature held constant), dT/dt can be omitted and Equa-
tion 7 thus becomes

of pC 0 aC
B(pair +pso|%%% = a_xl Ca_XJE ©)

Equation 8 can be rewritten for smplediffusion as Equa
tions 9 and 10.

aC 0 oC
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whereD¢ (m?/s) isthe effective diffusion coefficient of VOCs
in the material concerned [Note 1]. C (kg/kg) is the vapor
phase concentration in the pores. The equations are closed
when isotherm models such as Equations 15 and 17 are intro-
duced as described later. Vapor phase concentration C is
related to the solid (adsorbed) phase concentration C,q in the
substance (adsorbent) with the adsorption isotherm of Equa-
tion 5 through the assumption of C = Cg,. In this context, the
vapor phase concentration C representsthetotal VOC concen-
tration in the material. In this study, the vapor phase concen-
tration C is used as the equivalent vapor phase concentration
to expressthe concentration in the material instead of the solid
phase concentration C,, (Sparks et al. 1996; Yang et al. 1998;
Murakami et al. 1998) [note 1].

Boundary Conditions at the Air-Material Interface

Since the transportation of C in the material and in the
room air is solved simultaneously, a boundary condition
should be set at the air-material interface. The VOC emission
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rate at the air-materia interface should be the same as the
transportation rate of internal diffusion from the inside. This
conditionisexpressed asthe conservation law at the surface of
the material, as shown in Equation 11.

oC

0C
_pairDC&

= A —

5 (11)

B+ B-

Here, B+ is the air-material surface in the material-side
region, and B—isthat intheair-sideregion. Equation 11isused
as the boundary condition at the air-material interface when
the transportation in the material and the room air is solved
simultaneously.

SIMPLE TRANSPORTATION
MODEL ON SORPTIVE SURFACES

Ingeneral, thediffusion and adsorption processin amate-
rial can be described using the effective diffusion coefficient
D¢, which implicitly includes the effect of sorption [Note 2].
If the material has no VOC source and it contributes to the
room air concentration only through its sorptive process,
modeling the sorption process is simpler than described
above. For simple modeling, it is assumed that adsorption
occursonly onthesurface (Figure3). VOC transfer near build-
ing materialsisalso governed by Equations2 and 3, aswell as
the phenomenon within the material . Here, two CVs (dV[m?])
are set at the interface to simplify modeling of the transporta-
tion on adsorbent material asshownin Figure 3. Thetwo CVs
have a common surface element dS (m?). The layer dh (m)
normal to the surface element dSis very thin. The surface
element dSis sandwiched by the CVs, i.e., by the CV in the
material and in the air. Here, dh is assumed to be so small that
the sorption process attains equilibrium immediately in the
CV, and, consequently, the time differentiation of the vapor-
phase concentration can be omitted. When volumeintegration
is performed for Equations 2 and 3 in each CV, omitting the
time differential term of the vapor-phase concentration in air,
the following equations are given.

Adsorbent das ads : adsorptive rate

dh<<1

Two small control volumes (C.V.) for
air side and building-materials side

dV . volume of the CV
dS : surface element of the CV
dh : thin thickness of the CV

Figure3 Modeling of adsorption and desorption of VOCs
on the surface of sorptive material.



CVintheair:

0= )\aa_C dS-adv [dv (12
0x|g.
CV in the material:
Pso 5, dV = advidV (13)

With Equations 12 and 13, theV OC adsorption rateonthe
surface of the material isrelated to the molecular diffusion of
V OCscloseto the surface of the adsorbent, as shownin Equa-
tion 14.

ac| _ Vv o_ _ 9Caqrdv _ 9Cyqq
agx o _adVD(cj_s = —ads = a5 gs = Peol
(14)

Here, ads (kg/m?S) is the adsorption/desorption rate
(positive/negative ads corresponds to the adsorption/desorp-
tion rates, respectively), and p’ g, (= pgy dV/dS, kg/n?) is the
plane density of a sorptive material.

Typical Isotherm Models

Two types of adsorption isotherm are used in this studyp

the Henry model and the Langmuir model.

TheHenry Modél. For adsorption under low concentra-
tion of VOCs in air, the Henry model (usually called “the

linear model”) is utilized.
Cad =k - Cq (15)

Here k;, (-) is Henry’s coefficient. The adsorption term in

Equation 14 is rewritten as Equation 16.

aC| _ . 0C 4 B ok, [T, o 0C|B_
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Here, k (1/(kg/kg)) is Langmuir's coefficient an@,4
(kg/kg) is the concentration of the saturated adsorption by
monolayer adsorption. The adsorption term in Equation 14 is
rewritten as Equation 18 in the same manner as Equation 16.

aCad: p;oICadokl aC‘B—
ot (1+KC|g)? ot
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= ads = pg (18)

Equation 18 is used as the boundary condition for the
sorptive surface when solving Equation 1.

Sets of Equations for Coupled Simulation

Set 1: equations for emission surface simulation

For coupled simulation of VOC transportation between
the room air and the material with VOC emission, Equations
1,9, 10, 11, and 16 or 18 are solved simultaneously.

Set 2: equations for adsor ption/desor ption surface simu-
lation

For coupled simulation of VOC transportation between
the room air and the sorptive material, Equations 1 and 14 or
16 or 18 are solved simultaneously. Set 2 is much simpler than
Set 1 because of the simplified modeling of the sorption
henomenon. Set 2 does not calculate the internal diffusion
within the material. Consequently, Set 2 has the advantage of
a much lighter CPU load. However, the modeling of the sorp-
tive phenomenon itself in Set 2 becomes clearer than that in
Set 1. These two sets of equations are applied simultaneously
in the case study described later (cf. Figure 2).

ROOM MODEL AND BUILDING MATERIALS USED

The room model (two-dimensional) used for simulation
is shown in Figure 1. It was used to analyze diffusion in the
room air and also emission/sorption processes of the VOCs
of the building materials. The room model has dimensions of
(X)) x @ =75Ly%x50Ly (=4.5m x 3.0 mly=0.06m =
width of supply inlet). A polypropylene styrene-butadiene

Equation 16 is used as the boundary condition for theubber (SBR) plate (0.025, thick: 1.5x10° m) was selected

sorptive surface when solving Equation 1. In the numericais a VOC source and attached to the floor [note 1]. The emis-
simulation, the VOC concentration in the air-side CV adjacersion rate from the material is strongly related to both the
to the material is assumed to be the same as the concentratiitial concentration distributiol€, and the effective diffu-
in the equilibrium state, i.eCl. = Ce sion coefficienD¢ within the SBR.

TheLangmuir Model. When the VOC concentration in In this study, the initial VOC concentration distribution in
room air becomes high, the concentration of adsorbed VOC#)e SBR is assumed to be unifor@, = 0.16 kg/kg. It is
C.q, On the adsorbent is saturated at a certain level of room @ssumed that a new carpet has been laid. The effective diffu-
concentration. In this case, the Henry model overestimates tiseon coefficienD is assumed to be 1.1x¥bm?/s at 23°C,
amount of adsorbed VOCs. The Langmuir model is based dnllowing Yang et al. (1998). The diffusion of VOCs at the side
amodel of monolayer adsorption, which takes into account tHace and bottom are assumed to be cut off. As an adsorptive
concept of saturating concentratioB,y,. The Langmuir surface, a charcoal-based activated carbon was spread over the
model, which can be applied to a higher VOC concentratiowalls. The adsorption capacity depends on the surface area of
field, is thus more sophisticated than the Henry model. It ithe adsorbent. The activated carbon has a wide surface area of
expressed by Equation 17 [note 3]. more than 1®&m?/kg.

In this study, the plane densitfi, is set to 1x18 kg/n?,

= Cadoki Ceq (17) ie. the surface area of the adsorbent is the same as that of the
1+kCeq building materials. This value is quite small from a practical
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TABLE 1
Numerical Conditions

Number of grid points (2D)

Cad[kglkg]
04
| Henrys +
03
- '_-FF" ________ . ._ -
02 |r, s Langmuir's
+
-
01
X+ + Yu (1987)
0 1 . | . | "
0 10 20 30 40 x10 Cfkg/kg]

(@) Ceq Vs. Caq in high concentrations of C,

Air region:

68(X) X 64 (2) = 4.5 mm (W) x 3.0 m (H)
Material region dominated by internal diffusion:
68(X) X 41 (2) = 4.5 mm (W) x 1.5x10°® m (H)
Width of mesh adjacent to the surface:

0.6%x10° mm

Region of adsorptive surface for side walls:

55(2) =2.94 m (H)

o sadkodl Reynolds number UgLo/V = 4.2x10°
Henrys Molecular diffusion coefficient |A,/ pg, = 5.9x10°° m?s (23°C)
02 | ] of VOCsin air
Langmunr_‘s _

i -7 ! Effective diffusion coefficient |D¢ = 1.1x10%*m?s (23°C)

o1 + < of VOCs in the material
| 1 7 Yu 11987) (Yang et al. 1998)
0
0 02 04 06 08 1 %10 Cikgrkg] Inflow velocity 0.1Uy=0.1m/s
(b) Ceq Vs. Caq in low concentrations of Ceq TABLE 2

Cq = vapor concentration at equilibrium state

Cases Analyzed

C 4 - amount of adsorption

| sotherm model/Case no.

Applied parameters

Figure4 Representativeisothermmodel and experimental

data.

viewpoint. The parameters in the sorptive isotherm are esti-

mated foll owing the experiment inwhichtolueneisadsorbed on

a charcoal-based activated carbon at 25°C. Here, as showr

Case 1 Carpet only
Henry model Henry’s coefficientk;, [-]
Case 2-1 3.0x10*
Case 2-2 3.0x10°
Case 2-3 3.0x10°

Figure 4, we assume Henry’s coefficilgnis 3.0x10 and Lang- . . "
muir’s coefficient; is 1.5x16 (1/[kg/kg]). The concentration of Langmuir model K . Caro
saturating adsorptiaB, is 0.25 kg/kg (Yu 1987; Axley 1995). Case3-1 1.5x10
Case 3-2 1.5x10° 0.25
NUMERICAL METHODS AND Case 3-3 1.5x107
BOUNDARY CONDITIONS Case 34 0.025
_ - _ 1.5x10°
Table 1 shows the numerical conditions. The flow fields Case 3-5 25

were analyzed with a low Reynolds numbdee model . Langmuirs coefficient, [L/(kg/ka)]

(Murakami et al. 1996) [Note 4] with an inflow velocity of 0.1 t Theamount of saturating adsorption : Cogg [kg/kg]

Uy (= 0.1 m/s; air change rate = 1:6)hA centered differential ] o )
scheme is used for the convection term in air. Using the resulfs2*10 To (five days Ty, a representative time scale defined
of the flow field simulations, the behavior of VOC transpor—by Lo/Uo)-

tation was analyzed. At floor level, where both emission and

internal diffusion are observed, time-dependent Equations RESULTS AND DISCUSSION

and 10 were solved by combining them with Equation 12. At

the walls where adsorption is observed, Equation 1 was solved For the flow field of the model room (cf. Figure 5), we
by coupling it with Equation 14 using the models of adsorptiogonducted a precise modeling experiment using identical
isotherm Equation 16 or 18. These two parts, i.e., the emissifieynolds numbers as simulations. Details of the modeling
and internal diffusion part (floor) and the adsorption part (sid€xperiment are reported in Murakami et al. (1996). The veloc-
walls), were solved simultaneously. Table 2 shows the analjty distribution given from the prediction with the low
sis of the cases. Nine cases were examined in total, with diffeReynolds numbek-€ model and the results obtained in the
ent values of the coefficierkg, k;, andC,y,. The time-history model experiment are in very close agreement (Suzuki et al.
of the room air concentration was obtained over a duration df996; Murakami et al. 1998).
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Figure6 Time history of room-averaged concentrations.
(x=37.5L, line) W (z=25L line)

Figure5 Flow field comparison between prediction and ~ Peak concentration in case 2-2 is the lowest and that of case 1
experiment. is the highest.
We can see that the sorption effect definitely reduces the

peak concentration and also that the Henry model has a
VOC Concentration in Room Air tendency to overestimate the effect. The Henry model has the
disadvantage of overestimating adsorption in high concentra-
tion regions of room air compared with the Langmuir model,
as shown in Figure 6b.

Asshownin Figure6a, the maximum value of room-aver-
aged VOC concentration C,,,, reaches 0.165 kg/kg in case 1
just after the start of thetime-dependent numerical simulation. ) - )
Such apatternin the time-history can be regarded assimilar to The tlme-hlstory of th_e room-averaged concen_tratlons are
the VOC emissions found in a room furnished with newly compared in Figure 6¢ using different parameters in the Lang-
produced materials. Here, the C, distribution in SBR is muir model. When Langmuir’s coefficierl§, or the concen-
assumed to be uniform as described before. The computation tration of saturated adsorptio@ado,is high, the maximum _
begins with an initial condition of zero concentration in the r(_)om-averaged concentration decreases and the concentration
room. The room-averaged VOC concentration declinesgrag-  dissipates slowly.
ually over a duration of 7_2xia'o (five days) after reaching The room-averaged concentration after 120 hours falls to
a peak. The time histories of room-averaged concentration 57 x 10°kg/kg, or nearly one-tenth of the peak value. Under
cases 2-1 and 2-2 are almost the same as in case 1. In this af¥@se conditions, the concentration field nearly reaches a
ysis, the sorption effect is observed only within a period of sixteady state. The spatial distribution of VOC concentration in
hours, around the time when the VOCs reach their pedke room 24 hours after the start of the simulation is shown in
concentrations. After 24 hours, the time-dependent term dfigure 7. The local concentration is higher near the floor. The
VOC concentration in room aiC/dt  becomes so small thatmaximum value of concentration is observed near the floor in
the effect of sorption on the room air becomes negligiblethe left-hand corner of the room. This value is 3.8F%&g/
However, we noted that in this study the smallest amount d&fd, Which is 2.4 times higher than the mean concentration.
adsorbent is spread on the walls. In the Henry model, thEhis higher concentration means that children or people sleep-
increase ok, has the same effect on the increasg’ gf (see  ing on the floor are likely to be exposed to higher VOC
Equation 16), and the adsorbed amount is proportional to tH@ncentrations.
product ofp” g, andk;,. In cases 2 and 3 of Figure 6a, the peak
value of the room-averaged concentration falls because of tfgnount of Adsorption on the Adsorbent
higher value ok;,. We can thus conclude that a larger value of

s i The room air concentration of VOCs near the left-hand
P’ also has the effect of decreasing the peak values.

wall is four times higher than that near the right-hand wall, as
As shown in Figure 6b, the simulation with the Langmuirshown in Figure 7. This difference is caused by the clockwise
model also shows that the effect of the adsorbent is almosirculation of the air and the placement of the contaminant
negligible when the quantity of the adsorbent is very small, asource on the floor. The amount of adsorbate at the left-hand
is the case in this study. Comparisons between case 1, casevall, therefore, is four times larger than that at the right-hand
2, and case 3-1 show the effect of using different adsorptiowall. The time histories of the mean amount of adsorbate at the
models on the room-averaged concentration. Since the qualeft-hand wall are shown in Figure 8. The larger value of
tity of the sorptive material is very small, only minor differ- Henry’s coefficient leads to a higher amount of adsorbate, as
ences are seen in the results of the three cases. However, ihhehown in Figure 8a. As with the Henry model, the larger
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Figure7 Concentration distribution of VOCs (24 hours Figure8 Time history of the amount of VOCs adsorbed by

after the start of analysis). sorptive material.

value of Langmuir’s coefficienk;, or the higher concentration than the VOC concentration of the room air near the surface.
of saturated adsorptio@g, leads to a higher adsorption. ~ Thus, emission materials apparently have no practical effectin

adsorbing VOCs from room air in practice. Equation 9, which

CONCLUDING REMARKS uses the effective diffusivityc, includes the effect of adsorp-

1.

The physical model of VOC emission, where the emiSSiOtlon implicitly, as shown in the definition &fcin Equation 10.

: . e ossesses a potential sorptive effect, i.e., the term of
rate is controlled by internal diffusion, was deduced an(;} P b P

. . . af/aC in the denominator of Equation 10. In Equation 9,
applied to the SBR plate in a room. The adsorption effect qf°' i - .
building materials was modeled simply and included in th e left-hand term indicates the decrease/increase of VOC

. o . Gmount per unit time, i.e., it shows a dynamic change in the
predictive model of the VOC concentration in room air. The orage quantity of VOCs in the materials. Most of this

. ; 5
;nc(:s/z[[gjaiggglr']e%; \:\?aesidsrz;pc?(t)r:}nbly Lhnetﬁzfi,rv(;?gl'baseﬂé/namic storage effect is attributable to the sorptive effect
P y : described by the effective diffusivifyc in Equation 10.
The room-averaged VOC concentration fell gradually
throughout the duration of the analysis (7.2@<IQ five Note 2
days). The adsorption effect on the room air concentration ~The mass transportation within the pores to the surface of
becomes clear when the room air concentration chang#ise adsorbent iadv (kg/mP8), which is defined as follows:

rapidly. adv = -aS(Ceqg—C) @)

The amount of adsorbate on the walls increases in propor-

tion to the rise in Henry’s coefficient. The predicted results ~ Here, Ceq (kg/kg) is the vapor phase concentration in
of Henry's model tend to overestimate the amount of adsoduilibrium with the solid phase concentrati@g, on the

bate when the room air concentration rises. The Henr§urface of the materiat; (kg/[m? kg/kg]) is the sorptive rate
model addresses this problem. The higher value of th@etween the pores and the surface;&mf/m?) is the surface
concentration of saturating adsorpti@h,,, and the addi- area of the pores per unit volume. When a closed system is
tion of Langmuir's coefficienty, lead to a larger quantity assumed within a pore under constant conditions, the vapor

adsorbed and a decrease in the room-averaged concenf?Base concentratiddin the pores moves toward the equilib-
tion of VOCs. rium concentratiorCq,, and thus mass transportatiadv

becomes zero in a closed system.
Note 1

VOC emission materials have the potential of adsorbing  Note 3

VOCs in room air. However the vapor-phase concentration of  Langmuir proposed a model for adsorption that assumed
the emitting surface of the material is usually much highethere are active points on the surface of the adsorbent and that

AT-01-13-3 7



adsorbates can be adsorbed on these pointsup to alimit. When

) V,
the ratio of the adsorbed areais described by 6 (-), the desorp- Dy = 5 Ly + UL%;B (m)
tion rate of adsorbate r (kg/m?E) is expressed as Equation b: .
r=k.0 b - l ﬁD@D
K (b) D, = 5 L+ 5 Fix (n)
Here, ky (kg/m?[S) isthe desorption coefficient. Thus, the
adsorption rate of adsorbater” (kg/n?is) is expressed as Equa- ;= EM(DZ )
tion c: Daxk
r =k,C(1-6) (c) 34
_ 0 oyt Ri
Here k, (kg/[mP[S kg/kg]) is the adsorption coefficient. In fu = EXPa [1 expi- 2.4 D} E[l &5/4} ()
a state of equilibriunt, becomes equal 1 and the concen-
tration C converges withCq,. Consequently, Equation d is f,=1.0 (o)
given.
O o d
_ (ka/kg)Ceq (d) f, = [[L—expg—g}:—lgm {1 0. 3Dexm—%5%2 } )
1+ (Ky/kg)Ceq . 2
0 can be described simply as Equation e, using a solid Fog = ZVEMQZ s)
phase concentratidd,, (kg/kg) and the saturating concentra- Hoy U
tion C,qo (kg/kg). |
L - Rp3/4 t
8= Caa/ Caco e) p R ®
2
Then, R = \lj_s (turbulent Reynolds number) (u)
— Cad0k|Ceg (f)
ad = 1+kC K3/2
1™eq | = e (turbulent length scale) (v)
Here, k (1/[kg/kg]), defined byk,/ky, is the Langmuir
coefficient. yO = Uy _y
v o
Note 4 (nondimensional length from wall surface) (W)
In this study, flow fields were analyzed with a low
Reynolds numbek-¢ model (MKC model, Murakami et al. n = (Kolmogorov length scale) )
1996). The governing equation of the MKC model shows the 81’4
following. An overbar (7) denotes the ensemble mean value. 14 )
This model has been used successfully to predict both a flow ug = (ve)™" (Kolmogorov velocity scale) v)

within the laminar region near the wall and afar wall region.

U, _ oU. 1 sp 9 U, aUO 4§ —
| O = _= —— +—0-—=uu
ot *Y 0x p[§_><i+v0xj|:|6xJ +6xE 6xju' C)
BU; U0 2
- = —-4ks;
Uity "Eﬂ*axi% 30 (h)
vi=c, -f, - KJe (i)
t= M
ok , = ok ;
EJ'UJa_j'DkJ'Pk (e+D) 0)
i 9
6t+U16x D+ [(Cﬂ[f [P,~C, M, E)+E (K
— 90U,
P = Uiy, Dax‘ 0}

C, =0.09,0, =1.4,C;; =1.5,C, =1.9,0, =1.4,D =E =0
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