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Summary:  This paper reports the results of room model experiments and Computational Fluid Dynamics 
(CFD) analysis of ozone distribution in indoor air. The analyzed room model had one supply inlet and one 
exhaust outlet, with a cavity of dimensions 1.5m (x) × 0.3m (y) × 1.0m (z) in which a two-dimensional flow 
field was developed. In order to discuss the order of wall surface deposition for ozone, the concentration 
distributions of ozone in the model room were measured. CFD analysis corresponding to the experimental 
conditions and with a built-in ozone wall surface deposition model was carried out. The results of CFD 
prediction were in good agreement with the room model experiment. 
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1 Introduction 
Recently, it has been confirmed that ozone in 

room air actively generates various free radicals by 
reacting with the organic and inorganic compounds 
existing in the air [Weschler, 2000]. The free radi-
cals and other products of chemical reactions are 
often more irritating than their precursors. In par-
ticular, the products of ozone/terpenes reactions 
cause greater airway irritation in mice than would 
be predicted based on the known response of mice 
to ozone or terpenes [Wolkoff et al., 1999]. Such 
chemical reactions can significantly alter the con-
centrations of indoor pollutants [Nazaroff et al., 
1986; Weschler, 2000]. Furthermore, heterogeneous 
reactions between ozone and various surfaces occur, 
which further reduce the ozone concentration and 
must be considered in the ozone balance of indoor 
environments.  

Weschler and Shields (2000) have simulated 
chemical reactions in indoor air using mass balance 
models and assuming perfect mixing; these simula-
tions examined the influence of ventilation rates on 
uni- and bimolecular reactions. Using computa-
tional fluid dynamic (CFD) simulations, Sørensen 
and Weschler (2002) have reported  the distribu-
tion of chemical compounds resulting from various 
indoor chemical reactions. However, there is 
insufficient data to experimentally verify the 
two-dimensional or three-dimensional distributions 
resulting from chemical reactions in indoor air. 

Here, we isolate the surface reactions and meas-
ure the distribution of ozone within a 2D model 
room. The results are used to validate a CFD model, 
corresponding to the experimental set-up, including 
surface deposition of ozone. 
2 Equation for Ozone Transportation 

Assuming the concentration of ozone at a point 
in space to be Co [ppm], the transportation of ozone 

is expressed by Equation (1): 
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Here, Overbar ( ) denotes the ensemble-mean 
value. Do [m2/sec] is the molecular diffusion coeffi-
cient of ozone in the gas phase, jU  [m/sec] is the 
ensemble-mean velocity, tν [m2/sec] is the turbu-
lent eddy viscosity, and tσ [-] is the turbulent 
Schmidt number.  

 
3 Modeling the Wall Surface Deposition 

Flux of Ozone 
The surface deposition of the local concentration 

close to the surface and, from molecular theory, the 
flux at the surface is given by (Cano-Ruiz et al., 
1993):  

λγ
3
2

4 =−= yoC
v

Js  (2) 

Here, γ [-] is the mass accommodation coeffi-
cient; <v> [m/s] is the Boltzmann velocity for 
ozone; λ [m] is the mean molecular free path 
(6.5×10-8). However, the grid scale (on the order of 
10-8 [m]) is very small compared to the length 
scales necessary to resolve the flow field and con-
centration field within the CFD model. In this paper, 
to enable an increased length scale at the surface, 
the following flux model is adopted [Sørensen and 
Weschler, 2002]: 
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Here, ∆y1 is the distance to the center of the first 
computational cell (∆y1 < y+=1). The value used for 
the mass accommodation coefficient, γ, to stainless 
steel was 8.0×10-6 (Cano-Ruiz et al., 1993).  



4 Outline of Model Room Experiment 
Experiments were conducted in a model room to 

measure quantitatively the concentration of ozone 
at different locations in the indoor air. The perspec-
tive layout of the model room and a photo of its 
external appearance are shown in Figure 1. The 
model is a cavity measuring 1.5 [m] (x) × 0.3 [m] 
(y) × 1.0 [m] (z) in which a two-dimensional mean 
flow field is developed. It is equipped with 0.02 [m] 
wide inlet and outlet slots. The supply inlet slot is 
positioned along the ceiling, and the exhaust outlet 
slot is set along the ceiling on the other sidewall. 
The four boundaries – ceiling, floor, right, and left 
walls – were made of SUS 304 stainless steel and 
the others were glass. The deposition of ozone onto 
glass is known to be comparatively small 
[Cano-Ruiz et al., 1993] and is neglected.  

The air inlet velocity (Uin) was set at 3.0 [m/s] 
(air change rate: 144 [times/h]) and 2.0 [m/s] (96 
[times/h]). The inlet air and all the walls were 
maintained at isothermal conditions (293 ± 1.0 [K]). 
The supply air was passed through activated carbon 
and HEPA filters to keep the concentration of 
background contaminants low. In order to prevent 
photochemical reaction of ozone, the model room 
experiments were carried out in a dark room. The 
central section in the Y direction is taken as the 
measurement plane (x-z plane). Points of measure-
ment in the model room are shown in Figure 2. 

 
5 Measurement Data and Method 

In this experiment, the target chemical compound 
was ozone. Ozone was assumed to have entered the 
supply airflow by infiltration from the outdoor air. 
Two levels of Cin were considered at concentrations 
of 0.65 and 2.44 [ppm], respectively. The ozone 
concentrations used in these experiments were rela-
tively high compared with typical outdoor concen-
trations. Ozone was analyzed using a UV Photo-
metric Analyzer at a wavelength of 254 [nm]; its 
concentration range was 0 - 9.999 [ppm], and its 
precision was 0.001 [ppm]. GC/MS was used for 
the background volatile organic compounds (VOC). 
The sampling flow rate of the UV Photometric 
Analyzer was 1.5 [L/min] and the ozone concentra-
tion was calculated as a time-averaged concentra-
tion over ten minutes. The experimental cases are 
shown in Table 1. 

 
6 Outline of Numerical Analysis 

The flow fields and diffusion fields for ozone 
were analyzed, targeting the room model. An out-
line of the space analyzed is given in Figures 1 and 
3. When the air supply slot width is the representa-
tive length (L0=0.02 [m]), the analytical space is a 
two-dimensional room measuring 75L0 (x) × 50L0 
(z) (=1.5 [m] × 1.0 [m]). Flow fields were analyzed 

using the low Reynolds number type k-ε model 
[Murakami et al., 1996]. The QUICK scheme is 
used for the convection term, and the SIMPLE al-
gorithm is used. To analyze the flow field in the 
boundary layer, the center of the computational 
cells closest to the wall surface should be at a 
non-dimensional distance (Wall Unit) of y+<1, 
where ν1y*uy =+ , where y1 is the distance nor-
mal to the wall surface, ν  is the kinematic viscos-
ity, and ρτw*u =  is the frictional velocity. 
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(a) Perspective layout of model room 

 

 
(b) Photo of external appearance 

Figure 1 Model room (experiment) 
 

Table 1 Experimental case 
Exp. Case Cin [ Ozone ] Supply Velocity [Uin] 
Case (e1-a) 3.0 m/s 
Case (e1-b)

0.65 ppm 
2.0 m/s 

Case (e2-a) 3.0 m/s 
Case (e2-b)

2.44 ppm 
2.0 m/s 
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Figure 2 Measurement points in model room 



Here, ρ  is the air density and wτ  is the wall 
shear stress. The concentrations of ozone were 
analyzed with the wall surface deposition flux 
model shown in Equation (3). An unequal interval 
mesh is used for this analysis; the height of the cells 
closest to the ceiling wall surface is 0.006 [mm], 
which ensured that, for the grid points at the walls, 
y+ was <1 everywhere inside the room. Numerical 
conditions are given in Table 2. 

 
7 Numerical Cases 

This analysis focused on the heterogeneous reac-
tions of ozone, which are assumed to occur at the 
wall surfaces in the model room. The generation 
rate of ozone from the supply inlet (Source 1 in 
Figure 1) mirrored the conditions in the experiment. 
The room temperature was assumed to be a con-
stant at 293 [K].  

The numerical cases are shown in Table 3. In 
Case (a1) the ozone concentration in the supplied 
air (Cin) was set at 0.65 [ppm].  In Case (a2) it was 
set at 2.44 [ppm]. The effect of the wall surface 
deposition in the room model were analyzed at each 
supplied air ozone concentration. The wall surface 
deposition of ozone was analyzed using Equation 
(3). For the mass accommodation coefficient, γ, we 
adopted the value of 8.0×10-6 [-] for stainless steel 
wall surfaces in accordance with Cano-Ruiz et al., 
1993.  

 
8 Results of Model Room Experiment 
Mean Velocity 

We conducted detail measurements of flow fields 
in the model room by using Laser Doppler Veloci-
metry (LDV). We confirmed that the 
two-dimensional flow fields were reproduced in 
this model room. Details of the modeling experi-
ment were reported in a previous paper. (Kato et al., 
2003). In the model room, a large circulating flow 
was formed along the wall surface in the room, and 
a secondary vortex opposite the major flow was 
observed in the floor corner as shown in Figure 4. 

 
Concentration Distributions 

The background concentrations of the sum of the 
chemical compounds (VOC) and Suspended Par-
ticulate Matter (SPM) in the supply air were con-
firmed to be below 30 [µg/m3] and 0.01 [mg/m3] 
(total concentration of particles of diameter 10µm 
or less), respectively. Hence, only surface reactions 
with the stainless steel walls were considered in this 
model room experiment.  

Ozone concentration distributions in the model 
room for each experiment are shown in Figure 5. 
The concentration values in the figures are given in 
[ppm]. In all the experimental cases, ozone should 
be uniformly distributed in the model room from 

the viewpoint of the law of mass conservation if 
there is no decomposition in the indoor air and no 
deposition to wall surfaces. 

In Case (e1-a), where ozone is generated in the 
supply inlet at a concentration of 0.65 [ppm] and 
Uin = 3.0 [m/s], the ozone is not uniformly distrib-
uted in the model room as shown in Figure 5 (1). In 
this case, the concentration of ozone at the center of 
the cavity has decreased by about 8% compared 
with its concentration at the supply inlet. In Case 
(e1-b), the ozone concentration has decreased by 
about 11% at the center of the cavity. In Case (e1-a) 
and Case (e1-b), the ratio of the ozone decrease 
corresponds to the ratio of the supply inlet velocity.  

As for other cases, the tendency for the ozone 
concentration decrease is similar. 

 

9 Results of Numerical Analysis 
Mean Velocity 

Stream lines predicted by CFD simulation are 
shown in Figure 6. The numerical results for the 
low Reynolds number-type k-ε model were consis-

Table 2 Numerical conditions 
Turbulence 

Model 
Low Re type k-ε model  
(MKC model, 2-dimensional calc.) 

Mesh 220 (x) × 110 (z) 
Scheme Convection Term: QUICK 

Inflow  
Boundary

Uin = 3.0 and 2.0 [m/s],  
kin =3/2× (Uin×0.015)2 , 
εin =Cμ×kin

3/2/lin,  
Cμ=0.09, lin =(Slot width) ×1/7 

Outflow 
Boundary

Uout = Free slip 
kout= Free slip, εout = Free slip 

Wall  
Treatment

Velocity: No slip 

wall
k : No slip， 2)(2 yk

wall
∂∂= νε  

γ = 8.0×10-6, <v> = 360 m/s 
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Figure 3 Room model analyzed (CFD analysis, 2D) 

 
Table 3 Numerical cases 

Exp. Case Cin [ Ozone ] [Uin] Js 
Case (a1-a) 3.0 m/s 
Case (a1-b)

0.65 ppm 
2.0 m/s 

Case (a2-a) 3.0 m/s 
Case (a2-b)

2.44 ppm 
2.0 m/s 

Eq. (3) 

 



tent with the experimental results, and it was con-
firmed that they reproduce the flow fields with 
reasonable accuracy. 

 
Ozone Concentration Distribution  
with Wall Surface Deposition  

The predicted results for the ozone concentration 
distribution in the model room, taking into account 
deposition on the stainless steel wall surfaces, are 
given in Figure 7. The decay in the ozone concen-
tration is caused solely by the effect of wall surface 
deposition in these cases, and, conceptually, ozone 
would be uniformly distributed in the model room 
if there were no wall surface deposition. 

As shown in Figure 7, the ozone level decreases 
along the walls in all cases. The room-averaged 
concentrations (Cave), the average concentration at 
exhaust outlet (Cext), and removal of ozone are 
shown in Table 4.  

In the case of Uin = 3.0 m/s, the removal ratio of 
ozone from the room model by ventilation was 
about 95% and the removal ratio by deposition be-
came about 5%. In the case of Uin = 2.0 m/s, the 
removal ratio of ozone by ventilation was about 
92% and the removal ratio by deposition became 
about 8%. In this analysis, the effect of deposition 
to the stainless steel wall surfaces was relatively 
small compared with the removal effect of 
ventilation. However,  deposition to other building 
materials can be much faster than deposition to 
stainless steel [Kleno et al., 2001]; such surfaces 
would be expected to produce larger effects.  

Comparisons of the ozone concentration distribu-
tion between the CFD analyses and the experiments 
are shown in Figures 8. The numerical simulations 
that include wall surface deposition for ozone are 
reasonably consistent with the experimental results. 

 
10 Mass Balance Model 

In order to estimate the validity of the numerical 
analysis shown in Table 4, an analysis of the mass 
balance was conducted. In this analysis, we assume 
the conditions of steady state and perfect mixing in 
the room model. The mass balance equations are 
shown in Equations (4) and (5). 
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Here, Ex [times/sec] is the ventilation rate (in this 
analysis, Ex = 0.04[times/sec]), vd [m/s] is the 
deposition velocity, A [m2] is the surface area of 
stainless steel,  and V [m3] is the chamber volume. 
In this analysis, we adopt vd=0.6×10-3 in accor-
dance with Nazaroff and Cass (1986).  In this case, 
the predicted ozone decrease ([Co]out/[ Co]in) is 0.95. 

1m/s

 
Figure 4 Flow field measured by LDV (Uin=3.0 [m/s]) 
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(2) Case (e1-b) (Uin=2.0, Cin=0.65) 
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(3) Case (e2-a) (Uin=3.0, Cin=2.44) 

 

2.28 2.27 2.22 2.28 2.32

2.28

2.29

2.29

2.27

2.23

 
(4) Case (e2-b) (Uin=2.0, Cin=2.44) 

 
Figure 5 Experimentally determined concentration distributions 

of ozone (ppm)  
 

 



The analytical result using the mass balance model 
is in reasonable agreement with the results from the 
model room experiment and the numerical analysis 
based on an ozone deposition flux model. 

 
11 Discussions 

In this section, we try to estimate the first-order 
rate constant ku [1/sec] and deposition velocity vd 
[m/s], from the macroscopic point of view.  

If it is assumed that it is possible to model the 
heterogeneous reaction of ozone with the surfaces 
by the first-order rate constant ku [1/sec], the reac-
tion rate of ozone is simply proportional to the 
elapsed time or staying time (= age of air) in the 
model room. The age distribution of the supplied 
air is shown in Figure 9. The age values in Figure 9 
were normalized by a nominal time constant nτ (= 
V/Q). In this analysis, the age of the air was ana-
lyzed using the SVE 3 concept [Kato et al., 1988].  

The first-order rate constant ku can then be esti-
mated using the age distribution shown in Figure 9 
and the experimental results shown in Figure 5. The 
definition of the first order rate constant ku using the 
age of the air is given by Equation (6):  
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Here, Co(in) [ppm] is the ozone concentration at 
the supply inlet, ta(i) [sec] is the age of air at posi-
tion (i), and ∆Co(i) [ppm] is the decrease in concen-
tration comparing Co(in) with the concentration at 
position (i).  

The resulting first-order rate constants, ku, which 
were estimated using Equation (6) are shown in 
Table 5. The values of ku in Table 5 are the mean 
values of ten experimental points (see Figure 2). In 
Case (e1-a) and Case (e1-b), where the ozone 
concentration at the supply inlet was 0.65 [ppm], 
the values of ku were 9.8×10-4 and 9.9×10-4 [1/sec] 
respectively. In Case (e2-a) and Case (e2-b), where 
the ozone concentration at the supply inlet was 2.44 
[ppm], the values of ku were 8.6×10-4 and 8.7×10-4 
[1/sec] respectively. Hence, for these conditions, ku 
remained relatively constant, consistent with ex-
pectations. Also, as shown in Table 5, we can esti-
mate the order of the depositon velocity vd by using 
estimated ku and Equation (4). The values of vd 
were ranged between 2.6×10-4 and 3.0×10-4 [m/sec] 
in this analytical conditions. 

 
12 Concluding Remarks 
(1) The concentration distributions of ozone in the 
model room were measured. The results supported 
the assumption that the ozone concentration de-
creased due to deposition on the stainless steel sur-
faces. 

 
Figure 6 Stream line 
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(4) Case (a2-b) (Uin=2.0, Cin=2.44) 

 
Figure 7 Concentration distribution of ozone  

(numerical results) 
 



(2) The results of numerical prediction and experi-
ment were in good agreement, supporting the valid-
ity of the surface deposition flux model for ozone. 
(3) The surface removal rate was consistent with 
reports in the literature for similar surfaces (e.g., 
see Table 3 in Weschler, 2000). 
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Figure 8 Comparison of ozone concentration 

(Experiment & prediction, X=750 [mm], Z=0 – 1000 [mm]) 
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Figure 9 Normalized distribution of age of air (SVE 3) 

 
Table 5 Estimated ku value 

Numerical 
Case 

Cin 
[ppm]

Uin 
[m/s]

ku 
[1/sec] 

vd 
[m/sec] 

Case (a1-a) 3.0 9.8 ×10-4 2.9 ×10-4

Case (a1-b) 0.65 2.0 9.9 ×10-4 3.0 ×10-4

Case (a2-a) 3.0 8.6 ×10-4 2.6 ×10-4

Case (a2-b) 2.44 2.0 8.7 ×10-4 2.6 ×10-4

 

Table 4 Room-averaged concentration  
and removal of ozone by CFD 

Numerical 
Case 

Cin  
[ppm] 

Cext 
[ppm]

Cave 
[ppm] 

Removal 
[%] 

Case (a1-a) 0.62 0.61 Ventilation : 94.7 
Deposition :  5.3 

Case (a1-b)
0.65 

0.60 0.60 Ventilation : 92.4 
Deposition :  7.6 

Case (a2-a) 2.31 2.30 Ventilation : 94.7 
Deposition :  5.3 

Case (a2-b)
2.44 

2.25 2.24 Ventilation : 92.4 
Deposition :  7.6 

 


