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ABSTRACT 
Indoor air quality is greatly affected by the emission and sorption of chemical compounds 
from building materials such as VOCs (Volatile Organic Compounds). This paper presents 
physical and mathematical models and CFD (Computational Fluid Dynamics) analysis of 
VOCs transportation from the micro scale (inside building materials) to the macro scale 
(within a room). Furthermore, the micro climate around a human body is analyzed from the 
viewpoint of inhalation of chemical compounds. 
In the micro scale analysis within building materials, physical models of diffusion and sorp-
tion of VOCs, which is based on the fundamental physicochemical principles, are proposed. 
Long-term diffusion analyses in building materials are carried out based on the model equa-
tion.  
In the analysis of experimental chamber scale, the emission and diffusion of chemical com-
pound within a FLEC (Field and Laboratory Emission Cell) is investigated as the case study 
of CFD analysis, using the proposed physicochemical models. The problems of emission 
testing methods using a FLEC are clarified through this CFD analysis.  
In the analysis of room scale, the performance of the proposed physical models is evaluated 
quantitatively in a test room using the technique of CFD. The results of the numerical analysis 
show that the physical models and their numerical simulations effectively explain how VOCs 
are generated and transported in a room.  
Lastly, the inhalation of contaminated air by a human body is analyzed by CFD. New indices 
for evaluating the contribution ratio of pollutant source to inhaled air are proposed. 
 
1.  INTRODUCTION 
IAQ (Indoor Air Quality) is one of the most important factors when designing a healthy in-
door climate. To be able to inhale clean air is a fundamental right of human beings. Figure 1 
shows the composing ratio of weight of various materials which a human body takes in. The 
contribution of indoor air by breathing is the largest, amounting to 69% (57+12). This value is 
much larger than the contribution by eating and drinking. We can thus realize the importance 
of keeping the indoor air clean in daily life. 
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Figure 1   Composing ratio of weight of various materials taken in by a human body 

 
In this study, a method for predicting the distribution of chemical pollutants emitted in a room 
is investigated. The quality of air inhaled by the human body is also analyzed. Indoor air qual-
ity is greatly affected by the emission and sorption of chemical compounds from building 
materials (Bluyssen, P.M. et al.2, Haghighat et al.4; Yu, J.-W. et al.16). In this paper, physical 
models of emission and sorption of chemical compounds such as VOCs are proposed and ex-
amples of CFD analysis are shown.  
Many factors, including emission, adsorption/desorption, air change rate, and chemical reac-
tions within both the source material and the room air, affect the concentration of chemical 
pollutants within a room (Murakami. et al.7, Wolkoff. P. et al13.) as shown in Figures 2 and 3. 
The goal of this study is to predict the concentration of chemical pollutants in the air inhaled 
by the occupants within a room with such complicated emission/diffusion processes.  
 
 
2. PHYSICAL AND MATHEMATICAL MODELING OF EMISSION, DIFFUSION  
 AND SORPTION EFFECT 
Internal and external diffusion from building material into the room air are modeled as shown 
in Figure 4. The diffusion and adsorption of VOCs within a porous material is modeled as 
shown in Figure 5. Furthermore, the modeling of adsorption and desorption of VOCs on the 
surface of sorptive material is illustrated in Figure 6. Mathematical models for transfer of VOCs 
are proposed in Table 1, considering the physical processes shown in Figures 4,5,6. 
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Figure 2  Mechanism of transport and diffusion of VOCs within a room 
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Figure 3  Various factors affecting emission, adsorption and diffusion of VOCs in room 
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Figure 4  Internal and external diffusion from building material 
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Figure 5  Modeling of diffusion and adsorption of VOCs within porous material 
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Figure 6  Modeling of adsorption and desorption of VOCs on the surface of sorptive material 

 
Table 1  Physical and mathematical models for VOCs transfer 
[1] Transportation of VOCs in room air 
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[2] Conservation of VOCs in porous material with diffusion and adsorption 
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[3] Sorption Equilibrium, Local Equilibrium 

( )TCfC eqad ,=  (3) 
Ceq = C (4) 

 Eqs. (3) and (4) is necessary for closing Eq. (2). 

[4] Diffusion equation for VOCs based on effective diffusion for porous material 
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  when neglecting thermal effect, 
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[5] Boundary condition for flux of C at air-material interface 
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[6] Simple model for boundary condition at sorptive surface 

t
C

dS
dV

t
Cads

dS
dVadv

x
C ad

sol
ad

sol
B

a ∂
∂

−=







∂
∂

−=−=⋅−=
∂
∂

−
−

'ρρλ
 (9) 

[7] Isotherm models used 

[7-1] The Henry model 

eqhad CkC ⋅=  (10) 

  from Eqs. (9) and (10), 
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[7-2] The Langmuir model 
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[7-3] The Polanyi DR model 
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C  : vapor phase concentration in pores and in room-air 
Cad  : adsorbed phase concentration on the surface of a pore  
ρsol  : net density of sorptive material 
ρ'sol  : plane density of sorptive material 
λc  : mass conductivity of VOCs in air within a pore  
k  : porosity of material  
Dc  : effective diffusion coefficient of VOCs in material 
  (effect of adsorption is included) 
B+ : air-material surface in material-side region 
ads : adsorption velocity 
kh : Henry's coefficient 
kl : Langmuir’s coefficient 
kp  : Polanyi’s coefficient 
Csat  : Saturated concentration, 
VM  : Molecular volume 

 
 
3.  CFD ANALYSIS OF VOCs DISTRIBUTION IN ROOM 
The room model shown in Figure 7 is used for analyzing the emission, diffusion of VOCs and 
the effect of flushing. The room model (2D) has dimensions of (x) × (z) = 75 L0 × 50 L0 (= 
4.5m × 3.0m; L0 = 0.06m = width of supply inlet). As the VOCs source, a polypropylene sty-
rene-butadiene rubber (SBR) plate (0.25L0 thick) was adopted. The emission rate is strongly 
related to both the initial concentration distribution (C0(z)) and the effective diffusion coeffi-
cient (Dc) within the SBR. Thus, it is very important to evaluate accurately the set of C0(z) 
and Dcf in the source material.  
In this paper, the initial VOCs concentration distribution in SBR is assumed to be uniform, i.e. 
C0 =1.92×108μg/m3. The effective diffusion coefficient Dc is given as 1.1×10-14 m2/s (at 
23℃) in accordance with Yang et al15. 
Contaminated room air can be flushed by ventilation at a greater air change rate. In this study, 
the effect of regular flushing (increase in ventilation rate once a day) is investigated. The daily 
pattern of this intermittent increase in ventilation rate is called 'flushing' in this paper.  
Flowfields were analyzed by CFD with a low Reynolds number k- ε  model (MKC model) 
(Murakami et al9) with an inflow velocity of 1/10 U0 (= 0.1 m/s; air change rate = 1.6 h-1) un-
der ordinary conditions (with no flushing) and U0 (= 1.0 m/s; air change rate = 16 h-1) during 
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Figure 7  Room model analyzed 

 

     
Figure 8   Grid layout within room air and floor plate 

 
Table 2  Cases analyzed  

 case1 case2 case3 
Hours of air flushing  No flushing 1h/24h 8h/24h 

Temperature 23℃ 
Deff : 1.1×10-14 m2/s, Da : 5.9×10-6 m2/s, C0 : 1.92×108 gµ /m3 

 
Inflow velocity with no flushing : Uin=1/10 U0=0.1m/s  
Inflow velocity at Flushing     : Uin=U0=1.0m/s 

 
flushing. The grid design for CFD analysis is shown in Figure 8. In the computation of CFD, 
an upwind scheme was used for the convection term, and a centered difference scheme for the 
diffusion term. Using the results of flow field simulations, emission and diffusion fields were 
analyzed. In the emission and diffusion analysis, time-dependent Eqs. (1) and (6) were solved 
by coupling Eq.(8) as the boundary conditions between the solid material and the room air. 
Table 2 shows the cases analyzed. Three cases were examined in total, under different condi-
tions of inflow velocity (i.e. different air change rate). The time history of room air concentra-
tion was obtained over a duration of 2.0×107 T0 (T0 ; representative time scale defined by 
L0/U0, 14 days). 
The predicted results of the change of room-averaged concentration after the normalized time 
of 4.3×106 (3 days) are shown in Figure 9. The change of room-averaged VOCs concentration 
(in case 1) from the 5th day to the 14th day is pretty small over a duration of 10 days in case 1  
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Figure 9  Time history of room-averaged concentrations (C/C0) 
 

Figure 10  VOCs concentration C/C0 (at T/T0=7.2×106 (5 days, case1)  
 
(no flushing). Case 2 (1-hour flushing per 24 hours) and case 3 (8-hours flushing per 24 
hours) show that room-averaged VOCs concentrations decrease to 1/10 of case 1 (no flushing) 
during the flushing time, as shown in Figure 9.  
The concentration distribution within a room is shown in Figure 10. The distribution is not 
uniform, and is highly non-uniform near the floor. 
The averaged concentration of VOCs (Cext/C0) at the exhaust opening is 0.7×10-7 as shown in 
Figure 10. The room-averaged concentration normalized by the concentration at the exhaust is 
1.5 for the condition used here, in which VOCs are emitted from the SBR floor. If the room 
air were perfectly mixed, the room-averaged concentration would necessarily be the same as 
that at the exhaust. A value of 1.5 means that the room is not effectively ventilated compared 
to the case in which the air is perfectly mixed. The VOCs concentration at the left corner near 
the SBR floor are seven times higher than the room-averaged VOCs concentration. This 
means that an infant, a child, or a person sleeping on the floor, are highly likely to be exposed 
to a higher VOCs concentration (as illustrated in Figure 11). The averaged VOCs concentra-
tion in the breathing zone with standing posture (Cave/C0, z=25L0) is about 1.1×10-8, whereas 
that with lying posture is about 8.0×10-8. 
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Figure 11  Non- uniform concentration of VOCs in room 

 
4.   Prediction of Long-Term VOCs Emission by Analytical Method 
4.1  One-dimesional diffusion equation and exact solution 
The concentration distribution within a building material of plate type is usually expressed by 
a one-dimensional diffusion equation, as shown by Eq(6) in Table 6. In this case, we can get 
analytically the exact solution of Eq(6), by assuming an appropriate boundary condition 
(Kondo et al5). As the concentration Cb at the material surface facing to a room air is much 
much lower than that within the material, Cb can be assumed to be zero. By this assumption, 
the exact solution of Eq.(6) is given analytically as Eq.(13). 
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Consequently the emission flux per unit area is given by Eq.(14). 
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Here ,  
x : position within the material (x=0 at the surface of the material and x=L at the back side of the material)  
t : time 
C0 : initial concentration within the material [kg(voc)/kg(air)],  C0=C(x,0) 
Dc  : effective diffusion coefficient within the material [m2/s] 
L : width of the material [m] 

 
4.2  Case studies for evaluating long-term emission 
Figure 12 shows the change of the concentration distribution within the material for the time 
span of 2 weeks to 50 years. These results are given from the exact solution (Eq. (13)). The 
value of Dc given by X.Yang and Q.Chen15 etc is used in this analysis. L is set as 1.5 mm 
here. 
The decrease of the concentration within the material for the first year is large. However we 
can still observe a pretty large value of concentration after 10 years from the start of emission. 
When the value of Dc is small as used here, a large amount of VOCs is left within the material 
after 10 years have passed. 
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Figure 12  Time history of VOCs distribution within building material 
 
The changes of the concentration of room air for 5 years are shown in Figure 13. This is cal-
culated using the mass balance equation of VOCs emitted, as described in Eq.(15). The emis-
sion of VOCs is given by Eq. (14).  

      ( )dC
dt

Q
V

C C M
V

r
in r= − +                                   (15) 

Here ,  
Cr : VOCs concentration in room air 
Cin : VOCs concentration of supply inlet 
Q : air change rate 
V : volume of room 
M : emission rate 

 
The concentration of VOCs within the room is assumed to be uniform for each time step. The 
analysis result for three cases with different values of Dc are illustrated in Figure 13. For the 
first year, the room concentration with large Dc is higher than that with small Dc, but it is re-
versed after one year as shown in Fig .13.  
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Figure 13   Long term analysis of VOCs concentration in room 

 
 
5. Application of CFD Technique for analyzing a Diffusion Field  
 within a FLEC cavity.  
5.1 FLEC cavity and CFD method 
The velocity and diffusion field within the cavity of a FLEC (Field and Laboratory Emission 
Cell) is investigated using the CFD method, where the chemical compounds (VOCs) are 

C  : concentration of VOCs within the material
C0 : initial concentration within the material 

Dc :Effective diffusion coefficient  
   [2.2×10-15 m2/s, 15℃] 

Cr : VOCs concentration of room air 
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emitted from the material surface with the cavity. Figure 14 shows the exterior and the section 
of the FLEC (Wolkoff. P., et al14.). Fresh air is supplied from the thin slot (width of 1mm) at 
the edge of the cavity. The supplied air is exhausted from the top of the cavity. For the analy-
sis of CFD, the k-ε model of a low Reynold’s number type (Abe-Nagano model11) is applied. 
Laminar flow analysis with no turbulence model is also carried out. There were no differences 
between the velocity fields predicted by both methods of the CFD analysis, i.e. the methods 
with the k-ε model and with no turbulence model. After the flowfield analysis, the diffusion 
field is computed using the data of the velocity field, by giving the boundary conditions of 
VOCs emission at the material surface. Here Eqs (1), (6) and (8) in Table 1 are solved by the 
coupling method.  

   

Figure 14   FLEC Cell & Cavity 
 
5.2  Results of prediction for velocity and diffusion fields in FLEC 
Three types of emission phenomena from the material are treated here; emission through in-
ternal diffusion, emission through external diffusion and the one through mixed material. In 
the case of internal diffusion, an SBR (styrene-butadiene rubber) plate is used as the emission 
source. For the analysis of external diffusion, concentration of VOCs is given at the material 
surface as the boundary conditions. Liquid decane is used for modeling the surface material of 
external diffusion. For the case of mixed type emission (internal + external), wallpaper + liq-
uid decane is used. In the analysis of internal diffusion and mixed diffusion, the diffusions 
both within the material and within the cavity air are analyzed. The grid design for the CFD 
analysis for internal diffusion is shown in Figure 15.  
 

         

 
Figure 15   Grid design  
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The scalar velocity distribution within the cavity is shown in Figure 16. Velocity vector dis-
tributions are also shown in Figure 16 for three positions in the cavity. As shown here, veloc-
ity values are about 0.5m/s, 2.0m/s except for the exhaust opening. The velocity field is lami-
nar as shown here. Figure 17 shows the velocity distributions near the material surface (at 0.1 
mm and 0.5mm from the surface). The velocity near the material surface is bellow 1cm/s. 
 

              

   
Figure 16   Velocity distribution in FLEC cavity 
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Figure 17   Velocity distributions near the material surface 

 
Figure 18 shows the concentration distribution for the case of external diffusion. Here, liquid 
decane is used as the surface material for modeling the external diffusion. It is easy to give 
accurate surface concentration in case of liquid dacane. Hence the emission rate is larger than 
that of the usual external diffusion material. The emission rate of liquid decane is 6.8(g/m2h) 
here. The concentration within the cavity increases rapidly just after the inlet and the concen-
tration becomes uniform after this position through the whole space of the cavity. It is re-
quired that the VOCs concentration within air should be lower than that at the surface, for 
measuring the normal diffusion process from the material surface. However it cannot be ex-
pected in the case of external diffusion process within a FLEC cavity treated here. Similar 
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diffusion fields will be reproduced for all types of external diffusion, regardless of the con-
centration value at the material surface, since the diffusion coefficient Da in the air is not 
dependent on the kind of chemical compounds. 
 

 
Figure 18   Decane distribution in FLEC cavity (case of external diffusion) 

 
Figure 21 shows the distributions of emission rate (emission flux per unit area) at the material 
surface for three types of diffusion processes. In the case of external diffusion (Figure 21 (1)), 
the emission rate is very large at the area near the inlet. However, it becomes zero just after 
this area. Thus, VOCs are not emitted from most of the area of the material surface within the 
cavity excerpt for the area just near the inlet, because of the abnormal diffusion field as shown 
in Figure 18. The emission rate in this situation is likely to be evaluated lower than the correct 
one.  
 

 
Figure 19   VOCs distribution in a FLEC cavity (case of internal diffusion) 

 
Figure 19 shows the predicted concentration field for the case of internal diffusion. This is the 
result after 20 hours from the start of measurement with a FLEC. We can observe large con-
centration gradients both for the horizontal direction and vertical direction. The emission rate 
from the surface is constant for the horizontal direction, as shown in Figure 21 (2). This result 
satisfies the condition required for accurate measurement of surface emission. This means that 
a FLEC performs well for the case of internal diffusion, where the diffusion within the mate-
rial is also solved. 
 

 
Figure 20   VOCs distribution in FLEC cavity (case of compound building materials) 
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Figure 21   Distribution of emission rate at the surface (emission flux per unit area, [g/h･m2]) 
 
Figure 20 illustrates the predicted concentration field for the case of mixed material (internal 
+ external). The emission rate of liquid decane for the case of mixed material is 6.6 (g/m2h) 
and is a little smaller than that for the case of simple external diffusion. The thickness of the 
wallpaper of the mixed material assumed here is pretty thin. Thus, the pattern of the concen-
tration field is similar to the case of simple external diffusion. The emission rate becomes zero 
at the position behind 30cm from the inlet as shown in Figure 21 (3). 
 
 
6.   CFD Analysis of Quality of Air Inhaled by a Human Body 
6.1  Flowfield around a human body 
Chemical compounds such as VOCs generated within a room are transported by room air 
convection and finally exhausted through the outlet opening. In the process of room air con-
vection, some part of the chemical 
compound is inhaled by the human body. 
The human body is covered by a rising 
stream around it, which is generated by 
the heat discharge due to metabolism. 
The mechanism of inhalation is affected 
greatly by this rising stream, as shown in 
Figures 22 and 25. Figure 22 illustrates 
the modeling of entrainment of 
contaminated air near the floor. Figure 
25 shows the scalar velocity field around 
a human body and the velocity vector 
field around the mouth.  
 
 

×104 ×10-4 ×10-1 

em
is

si
on

 ra
te

 

inlet 
Center of 
the cavity 



 14

6.2  New indices for evaluating contribution ratio of pollution sources 
In order to design a healthy indoor climate, we should take into consideration the quality of 
the air inhaled. Here we propose following new indices for evaluating the relation between 
the quality of inhaled air and the position of the contaminant source. 
1) CRP 1 (Contribution ratio of Pollution source 1) 
CRP1 express the ratio of the inhaled amount of the contaminant generated at position i (qi) to 
the total amount of the contaminant generated at position i (Qi). It is defined by Equation 16. 

100Q/q1CRP iii ×=  [%] (16) 
qi : inhaled amount of contaminant generated at position i 
Qi : total amount of contaminant generated at position i 
i : the position of contaminant source  

If the contaminant generated at position i is exhausted to the outside without inhalation by the 
human body, the value of CRP1i is 0%. When all contaminant generated at position i is in-
haled, the value of CRP1i is 100%. Figure 23 shows the concept of CRP1i schematically. 
When the floor is regarded as one contaminant source, CRP1(floor) is 20% in this example.  
 
2) CRP2 (Contribution ratio of Pollution source 2) 
CRP2i means the ratio of the amount of inhaled contaminant generated at position i (qi) to the 
total amount of contaminant inhaled (∑qi). It is defined by equation 17. 

 100q/q2CRP totalii ×=  [%] (17) 

 ∑=
i

itotal qq  ( totalq : total amount of contaminant inhaled) 

In the example of Figure 23, surface i means various source surfaces in the room. The value 
of CRP2 for the floor is 65% in the example of Figure 23.  
 

 Qtotal=q floor＋q right_wall＋qleft_wall＋qceiling (=100%) 

65%

20% 
10% 
5% 

20% 80% CRP1

CRP 2 

q(part which is inhales by human body) 

q(part which is directly transported to outside)

CRP 1 for floor : 20% 

CRP 2 for floor : 65% 

 
Figure 23   Concept of CRP 1 and CRP 2 

q 

inhaled
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6.3   Case studies on CRP1 and CRP2 by means of CFD 
6.3.1  Flowfield analyzed 
The analysis of CRP1 and CRP2 is carried out using the room model shown in Figure 24. 
Room air is ventilated with displacement ventilation technique. The flowfield is analyzed by 
the CFD method with the k-ε turbulence model. The diffusion field is computed using the 
prediction results of velocity field. Contaminant is regarded as passive scalar.  

 
 

Exhaust opening 
size:0.27m×0.44m Mouth 

 
Supply opeinig: 
･size:0.27m×0.44m 
･velocity:0.12m/s 
･temperature:22℃ 
･airflow rate:0.0143m3/s 
･turbulence energy ｋ: 

2.88×10-5m2/s2 
･turbulence dissipationε:

2.13×10-6m2/s3
 

Heat loss of a human body by
convection:38.3W(20.0W/m2)

 
Figure 24   Room model analyzed 

 
Figure 25 shows the predicted flowfield, when a person is standing. A rising stream is well 
observed around the body as already mentioned. The flowfield with inhalation is visualized 
by Laser Light Sheet and measured by PIV (Particle Image Velocimeter) as shown in Figure 
26. The predicted results of flowfield with inhalation (Figure 25 (2)) corresponds well to the 
measured value by PIV (Figure 26 (2)). 

 

Mouth

      

 

Supply opening
:0.12m/s 

Exhaust 
opening Max:

0.19m/s

 Mouth： 
 Steady inhaling 
 14.4L/min 

 
(2) Velocity vector (1) Scalar velocity (m/s) 

 (enlarged figure around the mouth) 
Figure 25   Velocity distributions around a human body 
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6.3.2  Analysis of CRP1 
Predicted results of CRP1 using the data given from CFD analysis are shown in Figure 27. 
Numbers at each small area of the room surface (i.e. F01～F06 for the floor, W01～W14 for  
 

       120(mm)100806040200
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100

80

60

40

20

0

(mm)

 
 (1) Visualization (instantaneous value) (2) Mean velocity vector (by experiment) 

Figure 26 Velocities around mouth of breathing thermal manikin measured with PIV 
 
the walls, C01～C06 for the ceiling) indicate the source position of contaminant (e.g. VOCs). 
The figures within parentheses at each small area mean the value of CRP1 for each area. The 
diffusion fields are analyzed for each source position, which corresponds to each small area. 
Thus, the total number of diffusion analysis is 6+14+6=26. CRP1 is calculated based on each 
diffusion field. The distribution of the value of CRP1 is separated into two zones, an upper 
one and a lower one, in this room with displacement ventilation. The values of CRP1 at the 
lower zone is much larger than those of the upper zone. CRP1 is about 2.6～2.8% for the 
floor area and 1.66～2.9% for the wall surface area at the lower zone. 
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Figure 27 Predicted results of CRP 1  Figure 28  Predicted results of CRP 2 

(The value of CRP 1 is shown in the figure in the parentheses) 
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6.3.3  Analysis of CRP2 
The definition of CRP2 is shown in equation 6.2. Suffix i means the source position. Here, the 
source positions are classified as the following 5 ; (1) floor, (2) wall surface with supply 
opening, (3) wall surface with exhaust opening, (4) other walls, (5) ceiling. It is assumed that 
the contaminant is generated uniformly at these surfaces. CRP2 of the floor is 52%. This 
means that over 50% of the inhaled contaminants areoccupied by the contaminants generated 
at the floor. Thus, the reduction of the generation of contaminants at the floor is very effective 
for decreasing the amount of inhaled contaminant. The values of CRP2 for side walls ((2)～
(4)) are about 13～17%. These values are much lower than that of the floor. The contributions 
of the walls and the ceiling to the inhaled contaminant are pretty small.  
 
 
CONCLUDING REMARKS 
(1) New physical and mathematical models for analyzing VOCs emission, diffusion and ad-

sorption/desorption processes are proposed. They are well utilized for CFD analysis. 
(2) VOCs transportation from micro scale (within a material) to macro scale (within a room) 

are analyzed by CFD. 
(3) The concentration of VOCs near the SBR floor, from which the VOCs are emitted, is 

about seven times larger than that of the room-averaged value. 
(4) New indices for evaluating the inhaled air pollution are proposed. These indices can be 

utilized with the aid of CFD. They are applied for analyzing the effect of each source po-
sition of room surfaces on the inhaled contaminant. The contribution of the floor to the 
inhaled contaminant is very high. 
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