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Abstract 9 
 10 
Ozone is a major pollutant of indoor air. Many studies have demonstrated the adverse health effect of 11 
ozone and the byproducts generated as a result of ozone-initiated reactive chemistry in an indoor 12 
environment. This study developed a Computational Fluid Dynamics (CFD) model to predict the ozone 13 
distribution in an aircraft cabin. The model was used to simulate the distribution of ozone in an aircraft 14 
cabin mockup for the following cases: (1) empty cabin; (2) cabin with seats; (3) cabin with soiled T-15 
shirts; (4) occupied cabin with simple human geometry; and (5) occupied cabin with detailed human 16 
geometry. The agreement was generally good between the CFD results and the available experimental 17 
data. The ozone removal rate, deposition velocity, retention ratio, and breathing zone levels were well 18 
predicted in those cases. The CFD model predicted breathing zone ozone concentration to be 77-99% of 19 
the average cabin ozone concentration depending on the seat location. The ozone concentration at the 20 
breathing zone in the cabin environment can better assess the health risk to passengers and can be used to 21 
develop strategies for a healthier cabin environment. 22 
 23 
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Nomenclature 26 
 27 

A area of the ozone deposition surface 
C ozone concentration 

Cambient, CBZ, Ccabin, Cinlet, and 
Coutlet 

ambient, breathing zone, volume averaged cabin, inlet, and outlet ozone 
concentrations 

Ct cabin ozone concentration at time t 
Cµ constant in the k-ε model (0.09) 
Do binary diffusion coefficient of ozone in air 
Js ozone deposition flux at surface 
k turbulent kinetic energy 
l mean molecular free path 

Lin turbulence length scale 
m mass of an individual ozone molecule 
Q supply airflow rate to the cabin 

rozone ozone ratio 
Sc ozone source 
Sct turbulent Schmidt number 
t time 
T air temperature in Kelvin 
u


 air velocity vector 
Uin air velocity at inlet 
vd ozone deposition velocity 
vt transport limited deposition velocity 

Vcabin volume of the air inside the cabin 
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y local coordinate normal to the surface 
y+ dimensionless wall distance 
α retention ratio 
βs ozone removal rate by an individual surface 
βtotal total ozone removal rate 
γ mass accommodation coefficient 
∆y1 distance of the first cell center from the surface 
ε turbulence dissipation rate 
κ Boltzmann constant (1.38 × 10-23 J/K) 

λ, λoutdoor, and λrecirculated  total, outdoor, and recirculated air exchange rate 
µt turbulent viscosity 
ρ air density 

<v> Boltzmann velocity for ozone 
  28 
1. Introduction 29 
 30 
Aircraft passengers and crew could be exposed to a variety of chemical and biological agents during a 31 
flight. Many of the agents are potential health hazards (NRC, 2002). Ozone is one such chemical agent 32 
that poses a significant health concern (EPA, 2006; Weschler, 2006). Ozone exposure has been found to 33 
be associated with respiratory problems such as asthma, bronchoconstriction, airway 34 
hyperresponsiveness, and inflammation. (EPA, 2006). There is also suggestive evidence that links ozone 35 
to cardiovascular morbidity (EPA, 2006). Exposure to a low level of ambient ozone can increase 36 
mortality risk (Bell et al., 2006).  37 
 38 
The risk of ozone exposure is high in an aircraft cabin environment because of the high ozone 39 
concentration in the air at typical cruise altitudes (500-800 ppb) and the subsequent ozone infiltration in 40 
the cabin through the air supply system. Ozone forms a variety of byproducts as a result of chemical 41 
reactions with human skin and with surfaces in aircraft cabins (Wisthaler et al., 2005; Weschler et al., 42 
2007; Coleman et al., 2008; Pandrangi and Morrison, 2008; Wisthaler and Weschler, 2010). These 43 
chemical reactions can produce even more harmful chemical contaminants than the ozone itself 44 
(Weschler, 2004; Wisthaler et al., 2005) or secondary organic aerosols (Weschler and Shields, 1999). 45 
 46 
To protect passengers and crew, the U.S. Federal Aviation Regulations (FAR Section 25.832) limit cabin 47 
ozone concentration to 250 ppb, sea level equivalent, at any time above flight level 320 (32,000 ft above 48 
sea level) or to 100 ppb, sea level equivalent, during any 3-h interval above flight level 270 (27,000 ft 49 
above sea level). To meet these regulations, some airlines employ catalytic converters in the air supply 50 
system to reduce the ozone level. However, in the absence or malfunctioning of these converters, the 51 
ozone level can go substantially higher. Spengler et al. (2004) measured the average ozone concentration 52 
in 106 flights and found that the ozone concentration in 20% of the flights exceeded the 100 ppb limit. 53 
Bhangar et al. (2008) collected real-time ozone data from 76 flights and found that ozone levels strongly 54 
varied with season and the presence or absence of an ozone converter. 55 
 56 
In-flight measurements of ozone provide valuable information about the cabin air quality, but they are 57 
expensive and tedious. It is also difficult to identify the various factors affecting the ozone removal and 58 
byproduct formation through in-flight measurements. To overcome these difficulties, many investigations 59 
have used cabin mockups to systematically study ozone initiated reactive chemistry in a cabin 60 
environment (Wisthaler et al., 2005; Tamas et al., 2006; Weschler et al., 2007). These investigations have 61 
provided valuable information about the various factors that affect the cabin ozone levels and the ozone 62 
reactive chemistry. Although experimental studies provide reliable results, they are inflexible to changes 63 
in the system configuration and boundary conditions . It is also very difficult to obtain the distribution of 64 



ozone and associated byproducts in a cabin environment because of the large number of sensors required. 65 
Hence, it is necessary to develop a reliable and accurate method to calculate the ozone distributions and 66 
associated byproducts in a realistic cabin environment. The health risks to passengers and crew can then 67 
be assessed and possible mitigation strategies can be developed. 68 
 69 
In order to understand the health risk to aircraft passengers from ozone, this research had a three-fold 70 
objective: 71 

1. Develop a model to simulate the ozone distributions in an occupied aircraft cabin. 72 
2. Compare the model results with available experimental data. 73 
3. Use the model to study the ozone exposure of passengers. 74 

 75 
2. Research Method 76 
 77 
2.1. State of the Art 78 
 79 
Many investigations have studied ozone distributions, the associated byproducts, and exposure 80 
assessments. For example, numerous experimental studies have been conducted to characterize ozone 81 
exposure and ozone initiated reactive chemistry in buildings and aircraft cabins (Wisthaler et al., 2005; 82 
Tamas et al., 2006; Wang and Morrison, 2006, 2010; Weschler et al., 2007; Wisthaler and Weschler, 83 
2010). Wang and Morrison (2006, 2010) performed field experiments to quantify the emissions of ozone 84 
initiated aldehydes in buildings. They observed that ozone initiated emissions can continue for decades 85 
since indoor surfaces get replenished of reactive surface coating by various human activities. Weschler’s 86 
group (Wisthaler et al., 2005; Tamas et al., 2006; Weschler et al., 2007) studied the ozone initiated 87 
reactive chemistry in an aircraft cabin mockup through a series of experiments. These experiments 88 
concluded that humans constitute an important site for ozone initiated reactive chemistry through the 89 
surface reaction of ozone with human skin oil. The experimental studies provided reliable results, but they 90 
were very expensive and cumbersome. Hence, some modeling studies have been attempted to provide a 91 
fast and convenient way to evaluate the indoor air quality.  92 
 93 
Cano-Ruiz et al. (1993) developed an analytical model to determine the deposition of reactive gases at 94 
indoor surfaces. They obtained algebraic expression for deposition velocity under three airflow conditions 95 
and also performed a numerical simulation to further analyze the results. Weschler and Shields (2000) 96 
developed a mass balance model to study the influence of ventilation rate on the unimolecular and 97 
bimolecular chemical reactions occurring indoors, assuming perfectly mixed conditions. The results 98 
indicated that adequate ventilation is necessary, not only to remove pollutants generated indoors but also 99 
to limit chemical reactions in indoor air. The analytical models provide a quick and simple way to 100 
estimate the ozone contamination in an indoor environment. But it is difficult to solve analytically the 101 
model equations for complex indoor geometries and flow conditions without using the well mixed 102 
assumption. 103 
 104 
Hence, several CFD modeling studies on ozone have been performed. Some researchers used CFD to 105 
analyze the volumetric and surface reactions of ozone in indoor settings (Sørensen and Weschler, 2002; 106 
Russo and Khalifa, 2010, 2011). They found significant spatial variations in the concentrations of 107 
reactants and products within the room and concluded that a well-mixed assumption might not be 108 
appropriate for many situations. A recent study by Rim et al. (2009) also used a CFD model to predict the 109 
ozone concentration in a breathing zone and ozone associated byproducts in a ventilated room. They 110 
found that ozone depleted in the breathing zone because of chemical reactions with human surfaces. 111 
These chemical reactions also led to an elevated level of byproducts in the breathing zone as compared to 112 
the bulk air.  113 
 114 



The CFD studies provided a method to extend the analytical models to realistic indoor settings without 115 
using the well-mixed assumption. Nevertheless, the CFD studies were done for indoor environments that 116 
had a simple geometry with limited validations. Since numerical errors (discretization error, computer 117 
round-off error, etc.) and modeling errors (turbulence model errors, unknown boundary conditions, etc.) 118 
could affect the accuracy of the CFD results, solid validation of the CFD results with reliable 119 
experimental data is clearly necessary. The above review shows that, in order to study ozone reaction and 120 
its byproducts formed in an aircraft cabin, CFD seems to be a good method, but experimental data are 121 
needed to validate the results.  122 
 123 
2.2. CFD Governing Equations 124 
 125 
This investigation used CFD to model the ozone transport and deposition since it is inexpensive and 126 
informative. CFD solves the Reynolds-averaged Navier-Stokes equations with the Re-Normalization 127 
Group (RNG) k-ε turbulence model (Yakhot and Orszag, 1986). Zhang et al. (2009) recommended using 128 
the RNG k-ε turbulence model since it can effectively predict the turbulent features of the airflow in an 129 
aircraft cabin. The ozone concentration distribution was solved by the following species transport 130 
equation: 131 
 132 

 c
t

t
o S)C)

Sc
D.(()Cu.( 

   (1)  

where ρ is air density, u


 air velocity vector, C ozone concentration, Do binary diffusion coefficient of 133 
ozone in air, µt turbulent viscosity, Sct turbulent Schmidt number, and Sc ozone source.  134 
 135 
This investigation used the second-order upwind discretization scheme for solving all the variables except 136 
pressure. Pressure discretization was based on the PRESTO! (PREssure STaggering Option) scheme 137 
(FLUENT, 2009). The governing equation equations were solved using the SIMPLE algorithm (Patankar, 138 
1980) in the commercial CFD software FLUENT (FLUENT, 2009). 139 
 140 
2.3. Surface Deposition 141 
 142 
In order to solve the ozone distribution in an aircraft cabin by using Eq. (1), it is necessary to have an 143 
appropriate model to compute the ozone deposition (or removal) at cabin and human related surfaces. The 144 
surface ozone deposition depends on (1) fluid motion and ozone diffusion that transport ozone molecules 145 
to the surfaces and (2) the ozone chemical reactions on the surfaces. The ozone deposition flux at surface 146 
Js is given by (Cano-Ruiz et al., 1993): 147 
 148 
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where γ is the mass accommodation coefficient (or reaction probability) between the ozone and the 150 
deposition surface and is defined as the fraction of all ozone molecules collision with the surface that 151 
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and l mean molecular free path (6.5×10-8 m at 293 K and 1 atm).  153 
 154 
Eq. (2) can be used to calculate the ozone flux at cabin and human related surfaces. However, Eq. (2) 155 
requires CFD to use an extremely fine grid size near the deposition surface (comparable to l). To increase 156 
the grid size near the surface, this study used the following flux model (Sørensen and Weschler, 2002): 157 
 158 
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 159 
where ∆y1 is the distance of the first cell center from the surface. Note that Eq. (3) is valid only when the 160 
first grid point is very close to the surface (ideally y+<1).  161 
 162 
This study used Eq. (3) to determine the ozone flux at cabin surfaces such as the carpet and seats. Since 163 
ozone reacts significantly with human related surfaces such as skin, hair, and clothing (Wisthaler et al., 164 
2005; Weschler et al., 2007; Pandrangi and Morrison, 2008), the ozone concentration is expected to be 165 
very low at those human related surfaces (Pandrangi and Morrison, 2008). Hence, this study set zero 166 
ozone concentration at human related surfaces, as suggested by Rim et al. (2009). 167 
 168 
2.4. Mass accommodation coefficient (γ) 169 
 170 
The γ for different surfaces is a necessary input for the CFD model to compute the ozone deposition using 171 
Eq. (3). The γ was calculated by using the two-resistor model developed by Cano-Ruiz et al. (1993): 172 
 173 
 174 
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 175 
where vd is the ozone deposition velocity and defined as the ozone flux normalized by a characteristic 176 
ozone concentration; vt the transport limited deposition velocity and defined as the deposition velocity 177 
when γ equals one.  178 
 179 
The vd for the different surfaces was available from the experimental data of Tamas et al. (2006). The vt 180 
was estimated using CFD as follows:  181 
 182 

1. The vd is equal to vt, when the surface resistance to the ozone deposition becomes zero; i.e., the 183 
surface becomes a perfect sink. 184 

2. Hence, in order to estimate vt for a surface, we performed CFD simulations by setting the ozone 185 
concentration equal to zero at that surface. 186 

3. The vd (which equals to vt) was calculated by the following equation: 187 
 188 
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 189 
where Q is the supply airflow rate to the cabin; A the area of the ozone deposition surface; and Cinlet, 190 
Coutlet, and Ccabin the inlet, outlet, and volume averaged cabin ozone concentrations, respectively. Note that 191 
the above equation is valid for a cabin with only one deposition surface, one inlet, and one outlet, under 192 
steady state. 193 
 194 
The γ for the carpet surface is 8.4×10-6 by using the above-mentioned method. The value is lower than 195 
that of some previous measurements made for carpet surfaces (Morrison and Nazaroff, 2000; Coleman et 196 
al., 2008), where γ was found to be between 10-4 and 10-5. The study by Morrison and Nazaroff (2000) 197 
also found that all carpet specimens exhibited the phenomenon of “aging” since the γ decreased after a 198 



long period of ozone exposure. The γ obtained in this investigation is comparable to that of carpet 199 
surfaces obtained after 48-hour ozone exposure (Morrison and Nazaroff, 2000). A direct comparison 200 
between these different γ values should be avoided as different studies used different carpet specimens 201 
that had a wide variety of storage and usage history. 202 
 203 
The γ for seat surfaces was determined to be 1.9×10-5, which is lower than that obtained experimentally 204 
by Coleman et al. (2008) for a soiled seat fabric (γ = 1.4×10-4). Again, the differences could be attributed 205 
to the differences in seat fabric and usage history. Nevertheless, the γ for seat surfaces is higher than that 206 
for carpet since the seat fabric is soiled with human skin oils to some extent. These γ values for carpet and 207 
seat surfaces have been used in this study to compute the ozone deposition by using Eq. (3). 208 
 209 
3. Case Setup 210 
 211 
This investigation used CFD to simulate the ozone distributions in an aircraft cabin mockup for which 212 
detailed experimental data were available (Tamas et al., 2006). The cabin mockup was a section of 213 
Boeing-767 (3 rows, 21 seats) as shown in Fig. 1, which was 4.9 m wide, 3.2 m long, and 2.0 m high in 214 
the center with a total volume of 28.5m3. The experimental setup injected the air containing ozone to the 215 
cabin from the two overhead air-supply slots along the longitudinal direction (12 mm × 3200 mm each) 216 
with a velocity of 2.6 m/s and a flow rate of 200 L/s. The ozone concentration in the cabin mockup was 217 
measured at its center and varied from 41-341 ppb depending on the experimental conditions and 218 
objectives, but this investigation used only a constant ozone concentration of 100 ppb at the inlets. Note 219 
that the species transport equation (Eq. (1)) and the CFD boundary conditions used in this investigation 220 
were homogeneous (if ‘C’ is a solution, then all its multiples will also be solutions) with respect to the 221 
ozone concentration except the inlet condition. Hence, the absolute level of ozone would be determined 222 
by the inlet concentration and all the results can be normalized with the volume averaged cabin ozone 223 
concentration for comparison against the experimental data. 224 
 225 



 226 
Fig. 1: The occupied cabin setup for Case 5, (a) the schematic of the case and (b) boundary surfaces in the 227 
cabin mockup. 228 
 229 
In the experiment, the air containing ozone entered the cabin mockup through the air supply system. The 230 
ozone in the cabin depleted due to its reaction with various surfaces (carpet, seats, human skin, and 231 
clothing) and gas phase compounds. The ozone removal by surface reaction versus gas phase reactions 232 
was governed by the outdoor air exchange rate. The high outdoor air exchange rate (between 3.0 and 8.8 233 
ACH) in the cabin reduced the time available for gas phase reactions because the residence time of the 234 
gases in the cabin was low. At such high outdoor air exchange rates, only unsaturated organic compounds 235 
can undergo gas phase reactions with ozone. Weschler et al. (2007) measured the level of unsaturated 236 
organic compounds in the cabin mockup at outdoor air exchange rates of 4.4 and 8.8 ACH in the absence 237 
of ozone (ozone concentration less than 2 ppb). They found that the concentration of unsaturated organic 238 



compounds was very low (less than 2 ppb) for any significant loss of ozone through gas phase reactions. 239 
Thus, the high air exchange rate in the cabin coupled with the low concentration of unsaturated organic 240 
compounds prevented the ozone removal by gas phase reactions. Hence, the present investigation only 241 
modeled the ozone removal by surface reactions. 242 
 243 
In order to separate the influence of each surface on the ozone concentration, this investigation designed 244 
five different cases as illustrated in Table 1.The cabin setup in the design varied systematically, such as 245 
the presence or absence of seats and people and soiled T-shirts. The gradual changes in the complexity of 246 
the boundary conditions in these cases enabled us to make a step-by-step comparison with the 247 
experimental data for validating the CFD model. The occupied cabin cases (Cases 4 and 5) were designed 248 
to gain an understanding of the exposure to ozone of passengers seated at different locations in the cabin 249 
as well as the overall ozone distribution in the cabin environment. The boundary conditions in the CFD 250 
model are presented in Table 2. The enhanced wall treatment model (FLUENT, 2009) was used to solve 251 
the airflow near the walls. The inlet temperature was 24°C for Cases 1, 2, and 3 and 21.2°C for Cases 4 252 
and 5. The lower temperature in Cases 4 and 5 was to maintain the same cabin air temperature by 253 
offsetting the heat generated by the passengers. Figure 1 shows the schematic and its boundary surfaces 254 
for Case 5, which represented the most complex scenario. Figure 2 shows the grid used for Case 5. The 255 
grid consisted of 2.43 million elements where tetrahedral elements were used for the bulk volume, and 256 
layers of extruded triangular prisms were created on ozone reactive surfaces. The prism elements were 257 
used near the ozone reactive surfaces to accurately capture the boundary layer flow and ozone deposition. 258 
The initial height of the prism layer was kept very small (~2 mm) to ensure that the y+ was small (~5) 259 
near the ozone reactive surfaces, and the deposition model (Eq. (3)) was valid. The average y+ for the 260 
other cabin surfaces was around 15 and the maximum value was less than 100 in all the cases. This 261 
meshing strategy was used for all the cases. 262 
 263 
Table 1: Description of the five cases used in studying the ozone reaction in a cabin mockup 264 

Case Description Ozone reaction surfaces 

1 Empty cabin Carpet 

2 Cabin with seats Carpet and seats 

3 Cabin with seats and T-shirts Carpet, seats, and T-shirts 

4 Occupied cabin with simple human geometry (block model) Carpet, seats, and passengers 

5 Occupied cabin with detailed human geometry Carpet, seats, and passengers 

 265 
266 



Table 2: The thermal, ozone, and turbulence boundary conditions used for the five cases  267 

Surfaces Temperature Ozone Turbulence 

Inlet Case specific  100 ppb 
k = 3/2(0.1Uin

2), ε = (Cµkin
3/2)/Lin

Cµ = 0.09, Lin=(Air supply slot width)/7 

Cabin walls 18°C Zero flux ∂k/∂y = 0, ε: local equilibrium hypothesis 

Outlets Outflow Outflow Outflow 

Carpet 18°C Flux calculated with Eq. (3) ∂k/∂y = 0, ε: local equilibrium hypothesis 

Seats Adiabatic Flux calculated with Eq. (3) ∂k/∂y = 0, ε: local equilibrium hypothesis 

T-shirts Adiabatic Zero concentration ∂k/∂y = 0, ε: local equilibrium hypothesis 

Passengers 31°C Zero concentration ∂k/∂y = 0, ε: local equilibrium hypothesis 

 268 

 269 
Fig. 2: Mesh distribution in the longitudinal section through the cabin center for Case 5.  270 
 271 
Our study simulated the passengers by two different human geometry models for the occupied cabin 272 
cases. Case 4 used a simple block model, while Case 5 used a more detailed representation of human 273 
shape, as shown in Fig. 3. The two geometric models were designed to identify whether the simple block 274 
model was sufficient for CFD modeling.  Fig. 3 also depicts a breathing zone of 500 cm3 volume below 275 
the nose since this investigation assessed the ozone dose inhaled by the passengers by calculating the 276 
volume-averaged concentration in the breathing zone as suggested by Rim et al. (2009). The volume of 277 
breathing zone was chosen larger than the hemispherical volume suggested by Brohus (1997) to account 278 
for the face movements of passengers. 279 



 280 
Fig. 3: Occupant geometries and breathing zones for Cases 4 and 5 281 
 282 
4. Evaluation Parameters 283 
 284 
This section defines some important parameters for evaluating the cabin air quality for the cases designed 285 
in the previous section. These parameters help evaluate the CFD results against the available experimental 286 
data. 287 
 288 
4.1. Total ozone removal rate (βtotal) 289 
 290 
The total ozone removal rate (βtotal) quantifies the total ozone loss in the cabin environment due to surface 291 
and gas phase reactions. Under steady state conditions βtotal is given by: 292 
 293 
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 294 
where λ is the total air exchange rate (the sum of the outdoor and recirculated air exchange rate). 295 
According to this definition, the βtotal can be obtained experimentally by measuring the ozone 296 
concentrations or computationally by calculating the ozone concentrations from CFD.  297 
 298 
The βtotal can also be obtained by measuring the first order decay of ozone inside the cabin. In this 299 
method, ozone is injected into the cabin until a reasonable ozone concentration (roughly around 50-100 300 
ppb) is reached. The ozone injection is then stopped and the cabin ozone concentration is measured with 301 
respect to time. The ozone decay in the cabin is quantified by a best fit to an exponential decay equation 302 
given by: 303 
 304 
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 305 
where Ct is the ozone concentration at time t; Ct=0 is the concentration at the time when the ozone 306 
injection was stopped; λoutdoor is the outdoor air exchange rate. The decay constant (λoutdoor + βtotal) in the 307 



above equation can be used to determine βtotal when the λoutdoor is known. The experimental study by 308 
Tamas et al. (2006) obtained the βtotal primarily by using Eq. (7), and Eq. (6) was used when steady state 309 
conditions were achieved. 310 
 311 
4.2. Contribution to ozone removal rate (βs) 312 
 313 
The contribution to the ozone removal rate (βs) quantifies the ozone removal by an individual surface. It is 314 
defined as: 315 
 316 
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 317 
where Vcabin is the volume of the air inside the cabin. The βs definition implies that it can be calculated 318 
from CFD but cannot be directly measured, since the surface ozone deposition (the numerator in Eq. (8)) 319 
is difficult to quantify. Therefore, to determine βs, a reacting surface should be added one at a time. This 320 
is why the investigation designed five cases. In case 1, the βs can be approximated as follows if the gas 321 
phase reactions of ozone are neglected: 322 
 323 

 1Casetotalcarpets    (9)  

 324 
By adding the reacting surfaces one at a time in Cases 2, 3, and 4, the βs for seats, T-shirt, and passengers 325 
can be estimated as:  326 
 327 

 carpetsCasetotalseatss  
2

 (10)  

 seatsscarpetsCasetotalshirtsTs   3
 (11)  

 seatsscarpetsCasetotalpassengerss  
4

 (12)  

 328 
Hence, the experimental βs values can be compared with those obtained from CFD (Eq. (8)). Note that 329 
Eqs. 10, 11 and 12 used in the experimental study (Tamas et al., 2006) implicitly assume that the ozone 330 
deposition on one surface does not affect deposition on other surfaces. 331 
 332 
4.3. Ozone deposition velocity (vd) 333 
 334 
The deposition velocity (vd) characterizes the intensity of ozone surface reactions and can be compared to 335 
those reported in the literature. It is analogous to the heat transfer coefficient as: 336 
 337 
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 338 
where Js and Ccabin are analogous to the heat flux and temperature difference. According to Eq. (13), vd 339 
will vary across a surface as the ozone flux (Js) will vary depending on the position. Hence, it is 340 
convenient to define vd by using the average ozone flux over a surface (or multiple surfaces) as: 341 
 342 
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 343 
Similar to βs, the vd can also be calculated from CFD, but cannot be measured directly. Hence, by 344 
combining Eqs. (8) and (14), vd can be determined as: 345 
 346 
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 347 
4.4. Retention ratio (α) 348 
 349 
The retention ratio (α) is a parameter that indicates the ozone loss in the aircraft due to reactions in the 350 
cabin and the air supply system in the absence of ozone converters. It is defined as: 351 
 352 
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 353 
where Cambient is the ambient ozone concentration. If the ozone reactions in the air supply system are 354 

neglected, then outletedrecirculatambientoutdoorinlet CCC ... .  . Eq. (16) can be rearranged to give: 355 

 356 
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 357 
where λoutdoor  is the outdoor air exchange rate; λrecirculated  the recirculated air exchange rate. The 358 
experiment used Eq. (16) to determine α from the measured Ccabin and Cambient. But this investigation used 359 
Eq. (17) to calculate α, since the air supply system was not modeled. 360 
 361 
4.5. Ozone ratio (rozone) 362 
 363 
In order to quantify the ozone dose for different passengers, it is essential to calculate the ozone 364 
concentration in the breathing zone. This study used ozone ratio (rozone) to compare the inhaled ozone 365 
concentration with the average ozone concentration in the cabin: 366 
 367 
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 368 
where CBZ is the ozone concentration in the breathing zone. The rozone can be used for assessing the health 369 
risk in the cabin based on the average ozone concentration. 370 
 371 
5. Results 372 
 373 
The following section reports how the CFD was used to obtain the evaluation parameters defined in 374 
Section 4 and shows the comparison with the experimental data from Tamas et al. (2006).  375 
 376 
5.1. Ozone removal by carpet and seats (Cases 1 and 2) 377 
 378 
Cases 1 and 2 were designed for identifying the ozone removal by the cabin surfaces (carpet and seats) by 379 
adding them one by one.  380 
 381 



In Case 1, the carpet was assumed to be the only ozone reactive surface to determine its βs and vd. Hence, 382 
the measured βtotal and the βs calculated by Eq. (8) should be equal. This investigation calculated that the 383 
βs for the carpet was 1.07 h-1. The βs calculated and the βtotal measured were indeed nearly the same as 384 
shown in Fig. 4. The vd for the carpet was calculated by using Eq. (14) as 0.06 cm/s, which also agreed 385 
with the measurements as shown in Fig. 5. 386 
 387 

 388 
Fig. 4: Comparison of the computed ozone removal rate with the corresponding experimental data from 389 
Tamas et al. (2006) for various cabin and human related surfaces. 390 
 391 

 392 



Fig. 5: Comparison of the computed deposition velocity with the corresponding experimental data from 393 
Tamas et al. (2006) for various cabin and human related surfaces.  394 
 395 
In Case 2, the seats were also placed in the cabin together with the carpet. This was done in the 396 
experiment to determine the βs for the seats by using Eq. (10) since the βs for the carpet was assumed to 397 
be known from the previous case. This investigation calculated the βs for the carpet and seats as 1.19 h-1 398 
and 2.97 h-1, respectively, by using Eq. (8). The seats had a higher βs than the carpet because they had a 399 
larger surface area for reaction and also a higher reactivity. The βtotal was greater than Case 1 because of 400 
the additional ozone removal by the seats. The computed βs and βtotal agreed with the measured data as 401 
shown in Fig. 4. The vd for the carpet and seats was calculated by using Eq. (14) as 0.06 cm/s, and 0.10 402 
cm/s, respectively, which also agreed with the measurements as shown in Fig. 5. Hence, the “measured” 403 
βs and vd for the seats seem correct, and the CFD results are also reliable. 404 
 405 
The βtotal and vd for Case 2 (which represents a typical unoccupied cabin setup) can also be compared to 406 
those in buildings to better understand the ozone depletion in the cabin and the reactivity of the cabin 407 
surfaces. Lee et al. (1999) measured the average βtotal as 2.80 ± 1.30 h-1, and vd as 0.049 ± 0.017 cm/s in 408 
the living rooms of 43 Southern California homes. The vd measured by Lee et al. (1999) included all 409 
indoor surfaces (including both ozone reactive and inert surfaces). If the same method is applied to this 410 
cabin, the vd for both ozone reactive and inert surfaces is 0.04 cm/s. Note that although the vd for the cabin 411 
was almost the same as that for the homes, the βtotal for the cabin was 1.5 times higher than that for the 412 
homes. This is because the V/A in Eq. (15) for the cabin was lower than that for the homes. 413 
 414 
5.2. Ozone removal by T-shirts soiled with human skin oil (Case 3) 415 
 416 
This case was designed for identifying the ozone removal by clothing soiled with human skin oil. The 417 
cabin in Case 3 was identical to the one in Case 2, except that the seat backs were covered with T-shirts. 418 
The T-shirts were soiled with human skin oil as male subjects had slept in them overnight.  419 
 420 
The βs for the carpet, seats, and T-shirts were 1.23 h-1, 1.34 h-1, and 4.29 h-1, respectively, calculated by 421 
Eq. (8). The area of the T-shirts was approximately 40% of all the surface areas, but it removed about 422 
60% ozone due to the high reactivity of ozone with squalene in human skin oil. The βtotal was higher than 423 
that in previous cases because of the addition of the T-shirts. The experiment used Eq. (11) to determine 424 
βs T-shirts, with βs_carpet and βs_seats from Cases 1 and 2. However, it is not appropriate to use the βs_seats 425 
obtained in Case 2 to calculate βs T-shirts, since a large area of the seats was covered with the T-shirts and 426 
was not part of the ozone reaction in Case 3. Thus, this investigation used the following procedure to 427 
determine the “measured” βs T-shirts: 428 
 429 

1. The βs seats for Case 3 was assumed to be proportional to the exposed area, which was available for 430 
ozone reactions. 431 

2. Since the exposed area of the seats was unknown, it was assumed to be equal to that used in the 432 
CFD investigation, which was about 45% of the total area. 433 

3. The “measured” βs seats was determined by using βs seats, Case 3 = βs seats, Case 2 × (Aexposed/Atotal), where 434 
Aexposed/Atotal is the ratio of the exposed area to the total area of the seats. 435 

4. The “measured” βs T-shirts was then determined from the βs seats obtained in the previous step by 436 
using Eq. (11). 437 

 438 
The comparison between the “measured” βs obtained using the above procedure and the CFD results is 439 
shown in Fig. 4. The computed βs carpet and βs seats agreed well with the measurements but the computed βs 440 

T-shirts and βtotal were underestimated by CFD. A possible reason for these discrepancies could be that when 441 
ozone reacted with the human skin oil present in T-shirts, some of the volatile byproducts that entered the 442 
gas phase reacted further with the ozone (Weschler et al., 2007). This gas phase chemistry could have 443 



contributed to the additional ozone removal in the experiment, but was not considered in the CFD 444 
analysis.  445 
 446 
The computed vd for the T-shirts was 0.21 cm/s by using Eq. (14), and the computed vd for the carpet and 447 
seats remained the same as in the previous cases (0.06 cm/s and 0.1 cm/s, respectively). The high value of 448 
vd for the T-shirts shows that the ozone reaction intensity was very high at the surfaces. In order to 449 
compare the CFD results with the measurements, this investigation used the “corrected” βs T-shirts to 450 
calculate the “measured” vd T-shirts by using Eq. (15). Since the CFD underpredicted the βs T-shirts, the vd T-shirts 451 
was also lower than the measured one, as shown in Fig. 5.  452 
 453 
5.3. Ozone removal by passengers (Cases 4 and 5) 454 
 455 
Cases 4 and 5 were designed for identifying the ozone removal in an occupied cabin mockup. The only 456 
difference between them was: Case 4 represented passengers by simple block models, whereas Case 5 had 457 
a more detailed representation of human geometry, as shown in Fig. 3. Despite the differences in the 458 
human geometric presentation, the area available for ozone reaction remained approximately the same. 459 
 460 
The βs for the carpet, seats, and passengers calculated from Eq. (8) was 1.23 h-1, 2.25 h-1, and 8.03 h-1, 461 
respectively, in Case 4; and it was 1.18 h-1, 2.12 h-1, and 8.18 h-1, respectively, in Case 5. The small 462 
differences in βs between Cases 4 and 5 show that the detailed representation of occupant geometry for 463 
the CFD studies was not important for evaluating the ozone removal rate as long as the reactive surface 464 
area was the same. The βtotal for the two cases was significantly greater than those in all the previous cases 465 
due to the large contribution of the passengers to ozone removal.  466 
 467 
In order to compare the βs with the experimental data, this investigation used the procedure described in 468 
Case 3 to correct the measured βs seats and determine the “measured” βs passengers by using Eq. (12). Fig. 4 469 
compares βs and βtotal obtained by CFD and the measurements. The computed βs carpet and βs seats agreed 470 
well with the measurements, but the CFD overpredicted the βs passengers and βtotal by 10%.  471 
 472 
The vd for the passengers was computed by using Eq. (14) to be 0.29 cm/s and 0.33cm/s for Cases 4 and 473 
5, respectively. The computed vd for the carpet and seats was the same as those in the previous cases (0.06 474 
cm/s and 0.1 cm/s, respectively). Similar to vd T-shirts, the high vd for the passengers showed that the ozone 475 
removal by the passengers was most important or the reactivity of the passengers was the highest. The 476 
“measured” vd passengers was determined from the corrected βs passengers, based on the exposed surface area of 477 
the passengers (estimated at about 1.2 m2 per passenger) and the volume of the cabin air (estimated at 478 
about 27 m3) by using Eq. (15). Since the CFD results overpredicted the βs passengers, Fig. 5 shows that the 479 
vd passengers was also overpredicted.  480 
 481 
This investigation computed α as 0.42 for an outdoor airflow rate (8.8 h-1) in Case 5 by using Eq. (17). 482 
The α for Case 4 was approximately equal to Case 5. The calculated α was less than that reported in the 483 
experiment (0.21) because the ozone removal in the air supply system was not modeled. The α was 484 
smaller than the default value of 0.7 used by the Federal Aviation Administration (FAA) for determining 485 
the cabin ozone concentration and showing compliance with regulations. The low α indicated that the 486 
cabin ozone concentration should be lower than that specified by the FAA. But this reduction in the cabin 487 
ozone levels was accompanied by the formation of even more harmful volatile byproducts (Weschler, 488 
2004; Wisthaler et al., 2005). Hence, a low α may reduce health risks from ozone inhalation, but would 489 
increase them from its byproducts.  490 
 491 
Fig. 6 shows the ozone distribution along the longitudinal plane through the center of the cabin in Case 5. 492 
It shows that ozone depleted near the carpet, seats, and breathing zone of the passenger because of the 493 
surface chemical reactions. This investigation used rozone to quantify the breathing zone ozone 494 



concentration for the passengers as compared to in the average cabin concentration. The rozone varied 495 
between 0.77 - 0.93 in Case 4 and 0.77 - 0.99 in Case 5. The averaged rozone for all the passengers was 496 
0.85 and 0.90 for Cases 4 and 5, respectively, which is in qualitative agreement with previous studies. 497 
(Liu et al., 1994; Rim et al., 2009).The breathing zone concentration is generally lower than the average 498 
ozone concentration in the indoor environment (rozone <1) because of reactions at the human surfaces. The 499 
rozone varied among the aircraft passengers due to the differences in the ozone transport and surface 500 
reactions at different locations. Fig. 7 compares the rozone for different passengers between the two cases, 501 
which shows rozone being quite sensitive to human geometrical representations. Since most of the 502 
passengers inhaled an ozone concentration lower than the average one, it is better to use the local ozone 503 
concentration if one wants to accurately assess the health risks associated with the ozone. 504 
 505 

 506 
Fig. 6: Ozone distribution in the longitudinal section through the cabin center 507 
 508 



 509 
Fig. 7: Comparison of ozone ratio (rozone) for the passengers in the breathing zone between Cases 4 and 5. 510 
Seats 1D, 2F, 3A, and 3D were unoccupied. 511 



6. Discussion 512 
 513 
The primary difficulty in computing the ozone distribution was that the γ for the ozone reactive surfaces 514 
was unknown.  Hence, this investigation obtained the γ from the “measured” vd and computed vt by using 515 
Eq. (4). The flux model (Eq. (3)) was then used to compute the ozone removal by cabin surfaces. 516 
However, in the cases with the T-shirts and passengers, the flux model (Eq. (3)) was not used to compute 517 
the surface deposition since the vd was found to be very close to vt, and Eq. (4) was not suitable. Instead, a 518 
zero ozone concentration was assumed on the human related surface. Since the computed βs and vd agreed 519 
with the measured data, our method seems acceptable. 520 
 521 
This study also performed grid independence analysis for the CFD simulations. For example, in Cases 2 522 
and 3 where the cabin geometry was identical, this investigation used a coarse grid of 2.31 million 523 
elements and a fine grid of 4.96 million elements for the two cases. The initial prism layer height was 2 524 
mm and 1 mm, for the coarse and fine grid, respectively. The velocity and ozone distributions obtained 525 
with the two grid sizes were similar and the difference between the computed ozone removal rates (βtotal) 526 
was less than 5%. Thus, the coarse grid was selected for performing all CFD simulations reported in this 527 
paper. 528 
 529 
7. Conclusions 530 
 531 
The investigation developed a CFD model to study the ozone reactions at different cabin and human 532 
related surfaces and simulate the ozone distributions in the cabin. The investigation led to the following 533 
conclusions:  534 
 535 

 The study identified the individual contributions of cabin and human related surfaces to ozone 536 
removal and their deposition velocities. The results concluded that the human related surfaces (T-537 
shirts and passengers) removed much more ozone than the cabin surfaces (carpet and seats).  538 

 The ozone removal rate and deposition velocities calculated by the model were in good 539 
agreement with those measured by Tamas et al. (2006).  540 

 The retention ratio predicted by the model was higher than the measured one (Tamas et al., 2006) 541 
since the air supply system was not modeled. The retention ratios were lower than the FAA 542 
recommended value, indicating a reduced risk directly from ozone inhalation but an increased 543 
risk from associated by-products. 544 

 Ozone depleted more in the breathing zone compared to the average cabin concentration due to 545 
reaction at the human surfaces. To accurately assess the personal exposure to ozone, its 546 
concentration in the breathing zone should be used. 547 
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