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Abstract

Indoor ozone has received attention because of its well-documented adverse effects on health. In addition to the in-
herently harmful effects of ozone, it can also initiate a series of reactions that generate potentially irritating oxidation
products, including free radicals, aldehydes, organic acids and secondary organic aerosols (SOA). Especially, ozone
reacts actively with terpene. The overarching goal of this work was to better understand ozone and terpene distributions
within rooms. Towards this end, the paper has two parts. The first describes the development of a cylindrical test
chamber that can be used to obtain the second order rate constant (k) for the bi-molecular chemical reaction of ozone
and terpene in the air phase. The second consists of model room experiments coupled with Computational Fluid Dy-
namics (CFD) analysis of the experimental scenarios to obtain ozone and terpene distributions in various turbulent flow

fields. The results of CFD predictions were in reasonable agreement with the experimental measurements.
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Nomenclature

C; : ozone concentration [ppm]

C, : limonene concentration [ppm]

C, : concentration of the hypothetical reaction prod-
ucts [ppm]

D; :molecular diffusion coefficient of ozone in the
gas phase [m?s]

D, :molecular diffusion coefficient of limonene in
the gas phase [m%/s]

ks :second order rate constant [1/ppm/s]

k,  first order rate constant [1/s]

Ly :representative length [m]

Re : Reynolds number (=U, L, /v ) [-]

S :source term

U,, : air inlet velocity of chamber [m/s]

U , : ensemble-mean velocity [m/s]

" friction velocity (= /7, /p) [nvs]

<vp>: Boltzmann velocity [m/s]

NS

" Corresponding author. Tel.: +81 92 583 7628, Fax.: +81 92 583 7627
E-mail address: ito@kyudai.jp

y cwallunit (=u*y, /v ) [-]

Ay; : distance to the center of the first computational
cell [m]

¥ . mass accommodation coefficient [-]

A :mean molecular free path [m]

v : kinematic viscosity [m*/sec]

v, : turbulent eddy viscosity [m®/sec]

o air density [kg/m’]

o, : turbulent Schmidt number [-]

7, :wall shear stress

1. Introduction

Many studies have reported associations with
ozone-initiated chemistry in indoor environments'”.
Ozone chemistry produces relatively short-lived
products. Examples include primary and secondary
ozonides, peroxyhemiacetals, a-hydroxy ketones, and
peroxyacyl nitrates. Secondary organic aerosols are
an important sub-group of stable products resulting
from ozone-initiated chemistry. They are formed
from low vapor-pressure oxidation products that par-
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tition between the gas phase and the surface of pre-
existing aerosols or nucleate to form new aerosols"™.
The reaction of ozone with various terpenoids in in-
door settings has been shown to contribute tens of
ug/m’ to the indoor concentration of sub-micron par-
ticles under appropriate conditions”. Serensen and
Weschler® and Tto™ have used CFD simulations to
examine the distribution of a hypothetical product
resulting from the reaction of ozone with limonene.
However, a major drawback to using numerical simu-
lations is the lack of sufficient data on boundary con-
ditions and also the lack of sufficient validation data
of prediction accuracy.

The purpose of this study was to develop a numeri-
cal method based on CFD to predict ozone and ter-
pene distributions and their chemical reactions in
indoor environments. Towards this end, two different
sets of experiments were conducted. First this study
developed a reliable method, using a cylindrical test
chamber, to examine ozone and terpene reactions in
the air phase and estimate the corresponding second
order rate constant (k;) which represents the bi-
molecular chemical reactions of ozone and terpene.
The second study isolated the bi-molecular chemical
reactions and measured the distribution of ozone and
terpene within a two-dimensional model room. The
results were subsequently used to validate a CFD
model, corresponding to the experimental setup,
which includes the chemical reactions of ozone and
terpene in the air phase and the removal of ozone and
terpene via surface deposition. In this study, d-
limonene is targeted as reactive terpene.

2, Theory

2.1 Equation for ozone and terpene transport in
indoor air

Assuming the concentration of ozone at a point in
space to be C; [ppm], the transport of ozone is ex-
pressed by Equation (1):
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Here, overbar () denotes the ensemble-mean value.
D; [m%sec] is the molecular diffusion coefficient of
ozone in the gas phase, U, [m/sec] is the ensemble-

mean velocity, v, [m”sec] is the turbulent eddy vis-
cosity, and o, is the turbulent Schmidt number. S is
the source term. The transport equation for limonene
(C; [ppmy]) is also the same (see Equation (2)).

2.2 Modeling the bi-molecular chemical reaction

The bi-molecular chemical reaction of ozone and
limonene is expressed by Equation (3):

S1=S2=_kb'a'éz 3)

Here, £, is the second order rate constant [1/ppm/sec].
Equation (3) is incorporated within Equation (1) and
(2) as the source term. From Equation (3), changes
over time in the concentration of ozone "C;" and
limonene "C," due to the bi-molecular reaction are
computed.

In addition, assuming the concentration of the hy-
pothetical reaction products to be C, [ppm], the
amount of change over time is expressed by Equa-
tions (4) and (5). Here, £, is the first order rate con-
stant [1/sec] of the hypothetical reaction product C,,.
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2.3 Modeling the wall surface deposition flux

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.*:

’ 4 ’ 1|y:2/1/3 (6)

Here, yis the mass accommodation coefficient; <v>
[m/s] is the Boltzmann velocity for ozone (or limo-
nene); and A [m] is the mean molecular free path of
ozone (6.5x10"* m). However, the grid scale (of the
order of 10 m) is very small compared to the length
scales necessary to resolve the flow field and concen-
tration field within the CFD model. In this paper, to
enable an increased length scale at the surface, the
following flux model is adopted ©. Here, Ay, is the
distance to the center of the first computational cell

@y, <y'=D.
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3. Methods

3.1 Overview of the cylindrical test chamber experi-
ment

In order to estimate the second order rate constant
of ozone and limonene, the cylindrical test chamber
experiment is carried out. Figure 1 shows a perspec-
tive layout of the cylindrical test chamber. The cylin-
drical test chamber is a duct cavity and consists of
three sections (55 mm (diameter) x 2,500 mm
(length)) and these are connected using a U-bend. The
inner boundaries for air passing through the chamber
are made of electro-polished SUS 304 stainless steel.
The air inlet velocity (U;,) was set at 1.0 m/s
(Re=3850) and 0.25 m/s (Re=960). The inlet air and
all the walls were maintained at isothermal conditions
(293 £ 0.5 K). The supply air was passed through
activated carbon and ULPA filters to keep the con-
centration of background contaminants low. In order
to prevent photochemical reactions involving ozone,
the experiments were carried out in a dark room. The
points of measurement in the chamber are shown in
Figure 1 (Positions (1)«(7)). The experimental cases
are presented in Table 1. Ozone was analyzed using a
UV Photometric Analyzer at a wavelength of 254 nm;
its concentration range was 0 - 9.999 ppm, and its
precision was 0.001 ppm. The sampling flow rate of
the UV Photometric Analyzer was 1.5 L/min and the
ozone concentration was calculated as a time-
averaged concentration over ten minutes. The adsorp-
tion sampling using Carbtrap349 (Gestel) and GC/MS
(Agilent Tech.) were used to measure the d-limonene.
A Wide-range Particle Spectrometer (WPS, MSP)
was used to monitor background particles {10 nm -10
um diameter.).

These experiments focused on the heterogeneous
reactions between ozone (or limonene) and the inner
surface of the chamber (Cases 1-1(c), 1-2(c), 2-1(c)
and 2-2(c)) and homogeneous reactions between
ozone and limonene in the air phase (Cases 1-3(c) and
2-3(c)).

R=80

Sampling "
Postion of C&SOA- ..

ﬂ(\!
Quit ;?‘k

Fig. 1. Schematic of cylindrical test chamber.

Table 1. Cases analyzed in the cylindrical test chamber ex-
periment.

Case | Supply Inlet Vel. Ozone d-Limonene
Case 1-1(c) 1.00 [ppm] -
Case 1-2(c) | U,=1.00 [m/s] - 19.5 [pgfs]
Case 1-3(c) 1.00 [ppm] 19.5 [ug/s]
Case 2-1(c) . 5.00 [ppm] -
Case 2-2(c) | U,=0.25 [m/s] - 3.1 [pg/s]
Case 2-3(c) 5.00 [ppm] | 8.1 [ug/s]

3.2 Overview of the model room experiment

In order to measure the validation data of numerical
prediction, the model room experiment is carried out.
The model room is shown in Figure 2a; it is a box
measuring 1.5 m (x) x 0.3 m (y) x 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
opposite sidewall. The four boundaries for air flowing
through the room ~ ceiling, floor, right, and left walls
— were made of SUS 304 stainless steel and the ends
were glass. These experiments assumed that ozone
entered the room from outdoors with the ventilation
air and measured the resulting distribution of ozone
concentrations in the model room. Limonene was
emitted within the room (see Figure 2a). The air inlet
velocity was controlled at either 3.0 m/s (144 air
changes/hour; the turbulent intensity of the supply
inlet flow was 0.015, Re=4200) or 2.0 m/s (96 air
changes /hour, Re=2800). The inlet air and walls were
controlled to maintain isothermal conditions (293 *
1.0 K). The relative humidity of the supplied air was
maintained at 30 £ 5%. Contaminants in the supply
air (i.e., VOCs and suspended particulate matter)
were removed by an active carbon filter and a ULPA
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filter. In order to prevent photochemical reactions, the
model room experiments were carried out in the dark.
The central section in the Y direction is taken as the
measurement plane (x - z plane in Figure 2a). Points
of measurement in the model room are shown in Fig-
ure 2c.

We conducted detailed measurements of the flow
fields in the model room using Laser Doppler Ve-
locimetry (LDV); as a consequence numerous statis-
tical data related to the turbulent flow as well as the
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Fig. 2. Experimental setup of model room.

average air velocity are available. Details of the mod-
eling experiment for flow fields were reported in Ito
et al."”. In the model room, a large circulating flow
was formed along the wall surface in the room, and a
secondary vortex against the major flow was ob-
served in the floor corner.

The experimental cases are shown in Table 2. In all
the experimental cases, the measurements were fo-
cused on the convection and diffusion of ozone con-
tained in the supply air and its deposition on the wall
surfaces and bi-molecular chemical reaction with
limonene. The ozone was produced by an ozone gen-
erator and the ozone concentration in the supply air,
C,,, was maintained at a constant 0.30 ppm. At the air
supply slot position, the ozone concentration was
measured in the y and z directions to confirm that
uniformity was maintained. The ozone concentration
was always monitored in the center of the air supply
slot and fluctuation with time was also checked. It
was confirmed that C;, was within about a 2% range
of the target concentration over the period of the ex-
periments. The limonene was produced by line source
on the floor level. In these experiments measurements
of ozone and limonene concentrations at the different
sampling points were conducted for approximately
one hour after introducing ozone/ limonene to the
room in order to confirm that these concentrations
had reached a steady state.

The sampling and analytical methods of ozone and
limonene were the same as for the cylindrical test
chamber experiment. Prior to measuring ozone /
limonene concentrations, the model room was
cleaned with neutral detergent and pure water. In each
case the ozone concentration was measured at 11
pomts, including the supply inlet and exhaust outlet
positions as shown in Figure 2c.

Table 2. Cases analyzed in the model room experiment.

Case Supply Inlet Vel. Ozone d-Limonene
Case 1-1(e) 0.30 [ppm] -
Case 1-2(e) | Ui=2.0 [m/s] - 15.6 [ug/s]
Case 1-3(¢) 0.30 [ppm] 15.6 [pg/s]
Case 2-1(¢) 0.30 [ppm] -
Case 2-2(¢) | U=3.0 [m/s] - 15.6 [ug/s]
Case 2-3(e) 0.30 [ppm] 15.6 [ug/s]




Numerical and Experimental Analyses Examining Ozone and Limonene Distributions in Test Chamber with... 93

3.3 Overview of the numerical analysis for the
model room

Flow fields were analyzed using the low Reynolds
number type k- model'”. The QUICK scheme is
used for the convection term, and a SIMPLE algo-
rithm is used. To analyze the flow field in the bound-
ary 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 y+=u*y/v,
and y; is the distance normal to the wall surface, v
is the kinematic viscosity, and u*=\fz,/p is the
friction velocity. Here, p is the air density and z,
is the wall shear stress. The number of meshes was
set to 220 (x) x 110 (2), and an unequal interval mesh
is used for this analysis. In this analysis, the height of
the cells closest to the ceiling wall surface is 6.0 x 10
® m. The analysis was carried out in two dimensions
for the central plane (the x-z plane in Figure 2a) of the
model room in the y direction. When the air supply
slot width is the representative length (Ly= 0.02 m),
the analytical space is a two-dimensional room meas-
uring 75 Ly (x) % 50L, (z) (equal to 1.5 m x1.0 m).
The air inlet velocity were set to U;,= 2.0 and 3.0 m/s,
which are the same inlet velocities that were used in
the experiments. The turbulence intensity was set to
1.5% based on the experimental results. Numerical
cases in the model room are shown in Table 3. Mass
accommodation coefficient against SUS 304 are
defined as 3.4 x10® [-] for ozone and 2.1 x10” [-]
for limonene corresponding to previous reported

valuest™?.

4. Results

4.1 Cylindrical test chamber experiment

The background concentration of the sum of the
airborne organic compounds, i.e. TVOC, was con-
firmed to be below 30 pg/m’, while the particulate

Table 3. Information related to numerical analysis.

matter in the supply air was below the detection limit
of the Wide-range Particle Spectrometer. Hence, gas
phase reactions of ozone (except for reactions with
limonene), as well as reactions on particle surfaces,
were negligible in the cylindrical test chamber ex-
periment.

Table 4 shows the average concentration of ozone
and limonene at the sampling points (see Figure 1). In
Case 1-1(c) and Case 2-1(c), in which only ozone was
introduced to the chamber, the measured concentra-
tion decays were caused by wall surface deposition on
the inner SUS304 surfaces. Correspondingly, in Case
1-2(c) and Case 2-2(c), in which only limonene was
introduced to the chamber, the measured concentra-
tion decays were also caused by wall surface deposi-
tion. The concentration decrease while air passed
from inlet (1) at outlet (7) became about 10% for
Case 1-1(c), and 10 -15% for Case 1-2(c). In Case 1-
3(c), in which ozone and limonene were supplied at
the same time from the supply inlet, the decrease in
the concentrations of ozone and limonene grew rap-
idly, and the concentration decrease from inlet (1) to
outlet (7) became about 60% for ozone and 40% for
limonene. [NOTEI] In Case 1-3(c), secondary or-
ganic aerosols (SOA) formation that originated in the
chemical reactions of ozone and limonene was ob-
served.

Using the data for the averaged concentration of
ozone and limonene at each sampling point in the
chamber, the second order rate constant (k) for the
bi-molecular chemical reaction of ozone and limo-
nene in the air phase was estimated according to
Equation (8). The concentration changes over time
were calculated by using the pre-estimated data on the
age of the air in Table 4.

aC, dC.
Ttl_=__at_z=_kb‘cl.cz (3)

Turbulence Model Low Re Type k-g model (MKC model, 2-Dimensional Cal.)
Mesh 220 (x) x 110 (2)
Scheme Convection Term: QUICK
U;,=3.0 [m/s] and 2.0 [m/s]
Inflow Boundary kin=3/2X (Upx0.015Y, £, =C\}ksr /1,y C,=0.09,
=Ly (Slot Width: 0.02) x1/7
Outflow Boundary U= free slip, k.~ free slip, €, = free slip
Velocity; No-slip, |, ,;noslip, & ,= 2@k fayy’
Wall Treatment Limonene: <vp> = 213.4 [my/s], y = 2.1x10° [-]
Ozone:  <vy>=1360.0 [m/s], y=3.4 x10° []
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Table 4. For each of the experimental cases, ozone, limonene and SOA concentrations at each sampling point (cylindrical test

chamber experiment).

Sampling Point Inlet (1) @ 3) ) ) ®) Outlet (7)
Case 1-1(c) (Ozone)[ppm)] 1.00 0.96 0.95 0.98 0.95 0.97 0.88
Case 1-2(c) (limonene)[ppm] (1.75) 1.45 1.66 1.68 1.74 1.46 1.57
Case 1-3(c) (Ozone) [ppm)] 1.00 0.50 0.49 0.44 0.42 0.39 039
Case 1-3(c) (limonene)[ppm] (1.75) 1.22 1.46 141 1.53 141 1.10
Case 1-3(c) (SOA)[mg/m’] - 1.92 207 5.14 5.74 732 750
Age of Air [sec] 0.00 2.06 2.51 478 5.23 7.50 7.99
ky [1/ppm/sec] (Ozone) - 2.4x10" 1.9x10™ 1.1x10™ 1.0x10" 7.8x107 9.2x107
(Lim) - 3.6x10"! 1.3x10™ 7.5x107 3.8x107 7.7x10* 1.1x10"
Y[-] (Ozone) - 3.47 3.61 8.65 8.89 11.16 10.02
(Lim) - 2.26 5.31 12.23 24.35 11.34 .82
Case 2-1(c) (Ozone)[ppm] 5.00 4.82 491 4.79 4.83 4.81 484
Case 2-2(c) (limonene)[ppm] (2.92) 2.08 223 2.03 2.26 2.07 2.19
Case 2-3(c) (Ozone)[ppm] 5.00 291 - - - - -
Case 2-3(c) (limonene)[ppm)] (2.92) 1.74 2.10 1.80 220 1.54 2.04
Case 2-3(c) (SOA [mg/m’] - 70.30 75.53 103.26 107.29 110.03 113.08
Age of Air [sec] 0.00 8.24 10.04 19.12 20.92 30.00 31.96
ky [1/ppm/sec] (Ozone) - 3.0x10? - - - - -
(Lim) - 1.1x10 2.7x10° 3.7x10° 7.8x10™ 3.2x10° 1.1x10°
Y[-] (Ozone) - 30.2 - - - - -
(Lim) - 80.7 216.7 119.9 498.4 101.3 250.7

In Case 1(c), k; estimated from the decrease in con-
centration of ozone ranged from 1.9x10" from
7.8x10” [1/ppm/sec], and was 1.3x10" [1/ppm/sec]
on average. k, estimated from the decrease in concen-
tration of limonene ranged from 3.6x10" to 7.5x10™
[1/ppm/sec], and was 1.3x107 [1/ppm/sec] on aver-
age. This was reasonably consistent with the &, esti-
mated from the ozone data. In Case 2(c), &, estimated
from experimental data for ozone was 3.0x107
[1/ppm/sec] and k; estimated from the experimental
data on limonene ranged from 1.1x10? to 7.8x10*
[1/ppm/sec], and was 3.8x10” [1/ppm/sec] on aver-
age. In this estimation, k; is time dependent.

Atkinson et al."® report the measurements results
of k, for ozone and limonene to be 2.1x10°
16[cm3molecu1es'1sec'1] =5.1x10" [1/ppm/sec, 296 K]
and the order of this value is close to the estimated
result in Case 2(c).

Using the data for the average concentration of
SOA at each sampling point, the fractional aerosol
yield (¥) was estimated from Equation (9). The esti-
mated results are shown in Table 4.

aC, aC

AC
S0ty ey (k -C-C)), Y=""804 (9
ot ot (k-G G) AC ©

P

4.2 Model room experiment

The measured ozone and limonene concentrations
at the various sampling points within the model room
are shown in Figure 3; each measurement was made
at least three times to ensure reproducibility. Ozone
deposition on the glass surfaces in the model room
was negligible. In addition, the level of TVOC in the
supply air was quite low. Therefore, the dominant
cause for the reduction in ozone concentration in the
model room was deposition onto the surfaces of the
SUS304 installed on the wall surfaces in Case 2-1(e)
and Case 1-1(e). In all experimental cases, non-
uniform concentration distributions were generated in
the model room.

In terms of the ozone concentrations at the exhaust
outlet position, the decreases in ozone concentration
were about 4% in Case 2-1(e) and 9% in Case 2-3(e).
This difference in the decrease in the ozone concen-
tration originates in the bi-molecular chemical reac-
tions of ozone and limonene. In Case 2, similar ten-
dencies were observed.

4.3 Numerical analysis for the model room

Figure 4b shows the analysis results for the flow
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Fig. 3. Measured concentrations of ozone and limonene [ppm] in the model room.
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field using the Low-Re Type k-& model, and Figures
4c and 4d show comparisons between the experimen-
tal results and the theoretical results. These compari-
sons confirm that the results for the flow field based
on CFD analysis accurately reproduce the flow field
measured inside the model room.

Figure 5 shows the results of the numerical analy-
ses for the ozone and limonene concentration distri-
butions in two dimensional model room. In all of the

cases, ozone would have been uniformly distributed
inside the room if there were no deposition flux, ex-
pressed by Equation (7), or bi-molecular chemical
reaction with limonene. In this analysis, the &, value
estimated by Atkinson et al."” was adopted because
the order of the value was close to the estimated result
in cylindrical test chamber experiment. The mass
accommodation coefficient ¥ of ozone and limonene
onto the SUS 304 wall surfaces, which was estimated

\ 0272 J/A

L\

(7) Case 2-b (a), (U;=3.0 m/s, Lim, no-dep) (8) Case 2-1 (a), (U,,=3.0 m/s, Ozone, dep) (9) Case 2-2 (a), (U,=3.0 m/s, Lim, dep)

0.120

(10) Case 2-3 (a), (U,=3.0 mv/s, Ozone, react) (11) Case 2-3 (a), (U,~=3.0 m/s, Lim, react) (12) Case 2-3 (a), (U,=3.0 m/s, Prods, react)

Fig. 5. CFD-determined ozone and limonene concentration (ppm) distributions in the model room.
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Fig. 6. Measured (dots) and predicted (lines) ozone and limonene concentrations. (x=750 mm, z=0 to 1000 mm) for different

cases in the model room.

using the flat plate test chamber in the experiment
conducted by Ito et al."?, were used in this analysis.

Based on the results from the numerical analysis,
Table 5 shows the average ozone concentration in the
room as well as at a point in the exhaust outlet; it also
presents the relative amount of ozone and limonene
removed by ventilation, by deposition onto the wall
surfaces and by chemical reaction. Case 1-b(a) and
Case 2-b(a) in which only limonene was generated in
model room and there were no deposition flux were
additional and reference numerical cases of Case 1-
2(a) and Case 2-2(a). Under the outlined analysis
conditions, in Case 2-1(a), in which an SUS 304 wall
surface was installed, the relative amount removed by
ventilation was 97.7%, while the amount removed by
deposition onto the SUS 304 wall was 2.3%. In Case
2-2(a), in which limonene was emitted into the model
room, the relative amount removed by ventilation was
81.8%, while the amount removed by deposition onto
the SUS 304 wall was 18.2%.

In Case 2-3(a), in which ozone and limonene were
supplied at the same time, the relative amount re-
moved by chemical reaction was 2.0%. Under these
analytical conditions, the amounts of chemical reac-
tion of ozone and limonene were relatively small
because of the high supply inlet velocity and short
nominal time constant of the model room.

In Case 1-3(a), in which supply inlet velocity was
set relatively low compared with Case 2-3(a), concen-
tration reduction by chemical reaction increased be-
cause of longer nominal time constant.

We confirmed that the flow field analysis based on
CFD matches the experimental measurements rea-
sonably well. Therefore, if there are estimation errors
in the numerical analysis, the difference from the
experimental results can be attributed to that part of
the numerical model that accounts for ozone and
limonene loss and the predicted accuracy of the
model parameters (k; and 7).
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Table 5. For each of the simulated cases, ozone and limonene concentrations at the exhaust outlet, average concentration in the
room and removal ratio.

Anal. Case Inlet Vel. Ozone Limonene Cave [ppm] Ce: [ppm] Removal Ratio [%)]
_ Ventilation : 100.0 [L]
Case 1-b(a) - =15 '6=40[“g/ s] 0326 E)]] 0231 EI?]] Wall Dep.  :100.0[L]
v ' : Chem. React : 100.0[L ]
o Ventilation  :196.3 [O]
Case 1-1(a) Cj 3041 01 (E!';p[’_‘;] - 0'%8[i []0] 0'28? E’ ]] WallDep.  :103.7[O]
= Chem. React : 100.0 [O]
. Ventilation :176.2[L]
U,=2.0 =15. . )
Case 1-2(a) ] - q\‘leslf‘l‘o[Eg[f ;] 0254 E)]] o176 E)]] Wall Dep.  :1238[L]
) ) ) Chem. React : 100.0 [L ]
C=0.30 [ppm] | ¢,=15.64 [ugss] Ventilation : 192.6 [O]
= 61 — 5[ .
Y3AOTEL L2070 L 6991 0 0278[0] | o j ig;: [16]
Case 1-3(a) 0238[L] | OA6S[L] TP T EL]]
s :124.
ks=5.1x10” [1/ppm/sec] 0018 [P] 0021 |y React - 1040 [0]
:104.0 [L]
_ ) ) Ventilation :100.0[L}
Case 2-b(a) =15 "14()[@ s] 0217 ES]] o154 E)]] WallDep.  :100.0[L]
Y : ' Chem. React : 100.0[L]
- Ventilation  :197.7 [O]
Case 2-1(a) C'j 304101 (Eﬂp[‘_’]] . 0'29?‘ {S ]] 0'29% E) ]] WallDep.  : 1023 [O]
L Chem. React : 100.0 [O]
U,=3.0 4=15.64 [nghs] -[0] -[0] Ventilation :181.8[L]
Case 2-2(2) [m/s] - v=2.1x10°[] | 0.180[L] 0.126 [L] gf‘" D;p’ . : iég'é E
em. keact .|
C;=0.30 [ppm] | ¢,=15.64 [ug/s] Ventilation :195.7 [O]
— -6 _ — -5 _ .
YE3AAOTEL | 2 07 8310 0287[01 | : iggz U(“)]
Case 2-3(a) 0.172[L] | 0.120[L] R %L]]
e ins £120.
ky=5.1x10" [1/ppmy/sec] 0.009 [P ] 0.006 [P ] Chem. React 1020 [O]
1020 [L ]

[O] : Ozone, [L] : Limonene, [P] : Hypothetical Products, [Wall Dep.] : Wall Surface Deposition, [Chem. React] : Chemical

Reaction

5. Conclusions

A numerical method based on CFD to predict
ozone and limonene distributions and their chemical
reactions in indoor environments was proposed in this
study. In order to estimate the model parameters and
to provide the validation data of numerical predictions,
two different sets of experiments were conducted.

The findings obtained from the cylindrical test
chamber study can be summarized as follows:

(1) This work has produced a reliable method which
permits estimations of the second order rate con-
stant (k) for bi-molecular chemical reactions in
the gas phase based on the concentrations meas-
ured along the stream line in the chamber.

(2) The k;, values for ozone and limonene reactions
were estimated to be between 1.3x10" and
7.8x10* [1/ppm/sec]. The value was 3.8x10°
[1/ppm/sec] on the average and was confirmed to

be almost identical to the values of &, reported by
Atkinson.

The findings obtained from the model room ex-
periments and companion CFD studies can be sum-
marized as follows:

(3) The reduction in the ozone and limonene concen-
tration and these concentration distributions in the
model room were measured.

(4) A numerical analysis was conducted that incorpo-
rated the deposition flux model for a wall surface
and the bi-molecular chemical reaction model
based on k,. Measured results from the model
room experiments were used to verify the accu-
racy of the numerical analysis. Although the mod-
eled results tended to overestimate the concentra-
tion change in the vicinity of the wall surface,
predicted concentrations of ozone and limonene
were reasonably consistent with the experimental
results in the center part of the model room.
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(5) CFD prediction coupled with chemical reaction
model was confirmed to become a powerful tool
to predict both the distributions of reactive chemi-
cal pollutants in indoor environment and occupant

health.
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Note

1. In Table 4, the concentrations of ozone and limo-
nene tended to fluctuate according to the sampling
point for some cases. This phenomenon was mainly
caused by non-uniform concentration distribution
at cross-sectional surface of each sampling point.
According to CFD analysis, the concentration gra-
dient of about 10% or less was confirmed around
the sampling point. The experimental results in this
paper came to have the uncertainty at this level.
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