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Abstract 15 

16 
Enhanced soiling on the surfaces around air supply nozzles due to particle deposition is 17 
frequently observed in commercial airliners. The problem is worsened by severe outdoor air 18 
pollution and flight delays in China. The particles in an aircraft cabin originate from both 19 
outdoor and in-cabin sources. This study conducted measurements on multiple commercial 20 
flights to obtain particle emission rates from in-cabin sources. Additional experiments on a 21 
retired MD-82 airplane provided justification of the in-flight measurements. The in-cabin 22 
sources emitted more particles during boarding/deplaning than during meal servicing and 23 
sitting. The average PM2.5 emission rates were 7.2, 2.6, 1.9, and 1.8 (μg/min per person), 24 
respectively, during the boarding/deplaning, sitting on the ground, sitting in the air and meal 25 
servicing. The corresponding PM10 emission rates were 15.4, 6.1, 5.3 and 5.4 (μg/min per 26 
person), respectively for these four periods. The average particle emission rate from in-cabin 27 
sources varied seasonally and was the highest in winter. With the measured data, this 28 
investigation used a CFD model to predict the accumulation of particles deposited around the 29 
nozzles of an airplane, taking into account flight routes and the outdoor particle concentrations 30 
at the airports where the airplanes were parked. For the most polluted airplane in China, the 31 
dirty spots/areas around the nozzles inside the airplane became visible after six months. The 32 
method proposed in this study can be used for any commercial airplane to predict the 33 
accumulation of particles deposited around the air supply nozzles.  34 

35 
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 37 
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 39 
Practical Implications 40 

41 
This study presented the particle emission rates from in-cabin sources during different flight 42 
periods measured in multiple commercial flights and proposed a method to accurately predict 43 
the accumulation of particles deposited over time on the surfaces around airplane nozzles. The 44 
results can be used to improve the design of aircraft environments and to schedule cabin 45 
cleaning services. 46 
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 47 
1 INTRODUCTION 48 
 49 
Particle deposition on the surfaces around air supply nozzles can lead to dirt streaking1, 2 in 50 
commercial airliners. Around the nozzles, stronger turbulent diffusion toward the wall lead to 51 
a higher possibility of particle deposition at that location3. After a certain period of operation of 52 
the environmental control system, the deposited particles can cause dirty, smudged areas4, 5 53 
around the nozzles, which are unsightly and may cause the airplane to appear older. This 54 
deposition will increase maintenance costs because of the need for cleaning6.  55 
 56 

To address this problem, it is essential to accurately predict the accumulation of particles 57 
deposited on the surfaces around the nozzles in air cabins. CFD modeling with a 58 
Eulerian/Lagrangian method is a powerful and mature technique used to simulate particle 59 
deposition on indoor surfaces7-10. Few previous studies have focused on the mass accumulation 60 
caused by particle deposition around the air supply nozzles in the aircraft environment. Chen et 61 
al.3 proposed a validated SST k-ω model with a modified Lagrangian method to simulate 62 
particle accumulation on the surface of a multi-slot diffuser in a room. They quantitatively 63 
validated the method of predicting the particle deposition rate in indoor environment using two 64 
cases with experimental data from the literature. However, the particle concentration inside the 65 
room, an important factor in total particle accumulation in the model, was set at a constant 66 
value. Particles inside an aircraft cabin were found to originate from unfiltered supply air11 and 67 
in-cabin sources12. Furthermore, it was observed that particle concentration inside a cabin was 68 
not constant during different flight periods13-15, because of variations in outdoor particle 69 
concentration and in-cabin particle sources. In order to use the proposed model to predict 70 
particle accumulation on the surfaces around the nozzles in an airplane, it is necessary to 71 
identify the dynamic particle concentration inside the aircraft cabin under different outdoor 72 
particle concentrations and in-cabin sources. 73 
 74 

The particle concentration inside an aircraft cabin depends on both outdoor and in-cabin 75 
sources16. For outdoor sources, our previous study17 has provided experimental data on the rates 76 
of particle deposition on the environmental control systems of airplanes due to different outdoor 77 
particle pollution levels. For in-cabin sources, passengers and their baggage could be the major 78 
contributors18. Several previous studies19-22 experimentally measured the particle emission rates 79 
from clothed occupants and from various human activities in homes and classrooms, such as 80 
folding blankets, making a bed, vacuuming, walking around, and sitting23-27. They found that 81 
the factors affecting particle emission rates included the number of persons performing the 82 
activity22, the type and intensity of the activity24, the type of floor and seat cover23, the clothing 83 
level19, and the operational state of the mechanical ventilation system27. However, these factors 84 
would be very different in an airliner cabin environment from in an indoor environment in a 85 
building. As far as we could determine from the literature, no reliable experimental data on in-86 
cabin sources have been previously published.  87 
 88 

The present study conducted in-flight measurements to obtain particle emission rates from 89 
in-cabin sources, and proposed a method to accurately predict the accumulation of particles 90 
deposited over time on the surfaces around airplane nozzles. The approach may also be used to 91 
develop improved designs in the future.  92 
 93 
2 METHODS  94 
 95 
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The following subsections describe the in-flight experiments; the process for obtaining particle 96 
emissions from in-cabin sources with the use of the measurement data; the estimation of particle 97 
concentration inside the cabin during different flights of an airplane, with the use of the particle 98 
emission rate data; and the CFD modeling that was conducted to predict particle accumulation 99 
around the nozzles in the cabin.  100 
 101 
2.1 Particle emission rate from in-cabin sources 102 
 103 
Measurements in commercial flights  104 
 105 
This study conducted multiple in-flight particle measurements. Measurements were conducted 106 
on 66 domestic flights and 2 international flights, in economy and business class cabins. The 107 
domestic flights were round trips between Tianjin, China, and seven other cities in China, and 108 
the flight duration varied from 0.7 to 2 h. The average duration of the international flights, 109 
which were all round trips between Beijing and Chicago, was 13 h. The measurements were 110 
performed in all four seasons to take into account the effects of seasonal variations in clothing 111 
and outdoor particle concentrations on the particle emission rates. This study randomly divided 112 
the flights into the “training” flight group and the “testing” flight group as shown in Table 1. 113 
For each season, “training” group consisted of 12 domestic flights, which were used to obtain 114 
the statistical average particle emission rates from in-cabin sources. The measurement results 115 
on 2 international flights and other 18 domestic flights were used to validate the method of 116 
estimating particle concentration inside cabin using the statistical average particle emission 117 
rates from in-cabin sources. 118 
 119 
TABLE 1 Basic information about the flights of “training” and “testing” groups 120 

Flight 
group 

Season 
Airplane 
model 

Round-trip 
flight routes 

Flights Seats Duration 
Measurement 
location 

Training  

Spring 

B737/A320 

TSN - SIA/ 
HRB/ DLC/ 
WUH/ CGQ/ 
SHA/ HGH 

12 

132-192 0.67-2 h Economy class 
Summer 12 

Fall 12 

Winter 12 

Testing 

Spring 

B737/A320 
TSN - SIA / 
HRB / DLC / 
HGH 

4 

132-192 0.75-2 h Economy class 
Summer 6 

Fall 4 

Winter 4 

Fall B777 PEK - ORD 2 269 13 h 
Economy class 
/Business class 

Note: All the airports used abbreviations: Tianjin Airport (TSN), Xi’an Airport (SIA), Hangzhou Airport 121 
(HGH), Harbin Airport (HRB), Shanghai Hongqiao Airport (SHA), Shanghai Pudong Airport (PVG), 122 
Wuhan Airport (WUH), Dalian Airport (DLC), and Changchun Airport (CGQ). 123 
 124 

After the particle concentrations were measured in the occupied zone and in the supply air, 125 
the particle emission rate could be obtained by means of a mass balance equation. The in-cabin 126 
particle concentration was monitored throughout the flight, from boarding to deplaning. 127 
Because of the restriction on lithium batteries, only one particle monitor could be carried onto 128 
the airplane. As a result, the particle concentration in the supply air and in the occupied zone 129 
was measured alternatively with the same particle monitor. We also recorded the times for 130 
closing of the cabin door, taxiing, taking off, cruising, descending, arriving, and the occurrence 131 
of passenger activities. 132 
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 133 
This investigation used a DustTrak 8533 aerosol monitor (TSI Corporation, USA) to measure 134 

particle concentration. The instrument was calibrated prior to the measurements. As the 135 
DustTrak monitor was based on a different measuring technique than that of the tapered element 136 
oscillating microbalance (TEOM), which is most accurate and used in government monitoring 137 
stations, the measured concentration data were calibrated by the TEOM data. We conducted 138 
side-by-side measurements of the DustTrak and TEOM at the government monitoring stations. 139 
Since a TEOM dehumidifies samples but the DustTrak does not, water vapor that has absorbed 140 
onto the particles would affect the particle results28. Our calibration used 234 hour data that was 141 
for different humidity conditions at various particle concentration levels. The DustTrak 8533 142 
can simultaneously measure PM2.5 and PM10 mass concentration. The measurement results 143 
indicated strong correlation between the PM2.5 data measured by the DustTrak 8533 and 144 
TEOM when the relative humidity range was divided into seven groups, as shown in Table 2. 145 
The scaling factor for PM2.5 decreased from 0.423 to 0.279 with the increase in relative 146 
humidity. The measured PM10 data were less reliable than the PM2.5 data because of the 147 
difficulty of calibrating light scattering particle monitors, which has been reported in the 148 
literature29 and was confirmed by our calibration measurements. The correlation factors, R2, for 149 
PM10 were smaller than those for PM2.5. However, our measurement results showed that the 150 
relative humidity on the commercial flights ranged from 9% to 40%. The calibration factors for 151 
PM10 were acceptable in this range. Therefore, this study measured real-time PM2.5 and PM10 152 
mass concentrations continuously at a one-minute interval. Different calibration factors in Table 153 
2 were used to modify our measured PM2.5 and PM10 concentration.  154 

 155 
TABLE 2. Correlation between PM2.5 and PM10 mass concentrations measured by a TEOM 156 
and by a DustTrak monitor under different relative humidity conditions 157 

Relative humidity (%) 

Correlation  
R2 

YTEOM=A·XDustTrak 

APM2.5 APM10 PM2.5 PM10 

RH<20% 0.423 0.798 0.85 0.81 
20%≤RH<30% 0.409 0.717 0.93 0.76 
30%≤RH<40% 0.328 0.477 0.90 0.57 
40%≤RH<50% 0.307 0.412 0.93 0.33 
50%≤RH<60% 0.308 0.355 0.94 0.73 
60%≤RH<70% 0.289 0.330 0.98 0.73 

70%≤RH 0.279 0.316 0.98 0.88 

 158 
Measurements in a retired MD-82 plane 159 
 160 
In-flight measurements can provide the most realistic results. However, there were some 161 
limitations on our commercial flights. For example, the particle concentrations in the supply air 162 
and in the occupied zone could not be measured simultaneously, and the cabin crew permitted 163 
measurement of the concentration in the supply air for only a few minutes. To confirm the in-164 
flight results, this study also conducted measurements in a retired MD-82 airplane at Tianjin 165 
University, China. The air temperature inside the cabin was controlled by an air-conditioning 166 
cart. The cart was allowed to run prior to the experiment for at least one hour to ensure a steady-167 
state condition. For MD-82, there is no recirculation. The supply air is 100% fresh air provided 168 
by the air-conditioning cart. To create a relatively low background particle concentration inside 169 
the cabin, an air filter was installed at the inlet of the air-conditioning cart. The filter removed 170 
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most of the particles in the supply air. To obtain the background concentration, we measured 171 
the particle concentration inside the empty cabin for 30 min. 172 
 173 

As shown in Figure 1(a), this study conducted the measurements in a five-row section of the 174 
economy-class cabin of the MD-82 airplane, using partitions (as indicated by the red lines) to 175 
create the section. Twenty-five volunteers participated in the experiment to simulate passenger 176 
activities during a flight. The measurements in the MD-82 cabin simulated only sitting, meal 177 
servicing and deplaning/boarding, as shown in Figure 1(b), (c) and (d), respectively. Particle 178 
concentrations were measured continuously in the supply air and the occupied zone during the 179 
experiment. For measuring the particle concentration in the supply air, a hose was connected to 180 
the inlet of the particle monitor, and the other end was inserted into the air diffusers. Before the 181 
measurements, we compared the difference of particle concentration measured by DustTrak 182 
8533 with and without a hose for the same air. A linear correlation (y=1.37x, R2=0.99) was 183 
found from the comparison and the correlation was used to modify the data for considering the 184 
deposition at the hose. For measuring the concentration in the occupied zone, a particle monitor 185 
was placed on the tray table of the window seat in the middle row of the partitioned cabin 186 
section, as denoted by the star in Figure 1(a).  187 
 188 

(a) 

(b) (c) (d) 
FIGURE 1 Schematic diagram of the MD-82 airplane and the measurement photos: (a) 189 
Measurement position in the five rows of the economy-class cabin in the MD-82 airplane, the 190 
red star denoted the measurement position, the red lines indicated the partitions used to create 191 
the section, and three measurement conditions: (b) sitting, (c) meal servicing, and (d) 192 
deplaning/boarding. 193 
 194 
Particle emission rate from in-cabin sources 195 
 196 
Some studies31-33 showed that the cabin air was well mixed. With well-mixing assumption, the 197 
mass balance equation (Eq. (1)) states that the change rate of particle concentration inside a 198 
cabin of “training” flight No. i (i=1~12 in spring, i=13~24 in summer, i=25~36 in fall, and 199 
i=37~48 in winter) is equal to the change due to particles in the supply air, removal by the 200 
exhausts and deposition, and generated from in-cabin sources: 201 
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         , ,

s, , .
o i cabin i

i i i o i i o i i
i

dC t S t
C t C t K C t N

dt V
                                    (1) 203 

 204 
where Co,i(t) (µg/m3) is the particle mass concentration in the occupied zone; Cs,i(t) (µg/m3) the 205 
particle mass concentration in the supply air; λi (h-1) the air exchange rate of the cabin; Ki (h-1) 206 
the overall particle deposition rate in a cabin, which can be estimated according to the results 207 
from You and Zhao34. Vi (m3) is the cabin volume; Ni (person) the number of passengers and 208 
crew members; and Scabin,i(t) (μg/h per person) the particle emission rate per person from in-209 
cabin sources.  210 
 211 

In general, a whole flight can be divided into several periods, such as boarding, taxiing out, 212 
climbing, cruising, meal services, descending, taxiing in and deplaning. During different 213 
periods, passengers have different activities, which lead to different particle emission rates. For 214 
each flight period, integrating the mass balance equation (1) from t=0 to t=Ti, the left-hand side 215 
yields:  216 
 217 

,
, ,0

( )
( ) (0)

iT o i
o i i o i

dC t
dt C T C

dt
                                               (2) 218 

 219 
where Co,i(0) (µg/m3) and Co,i(Ti) (µg/m3) are the initial concentration (t=0) and final 220 
concentration (t=Ti) of each flight period in the occupied zone. The right-hand side yields: 221 
 222 

       , ,
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 225 
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s i i
i
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T

   (µg/m3) and  , ,0

1 iT

o i o i
i

C C t dt
T

   (µg/m3) are the time-averaged 226 

particle concentration in the supply air and in the occupied zone, respectively; and 227 

 , ,0

1 iT

cabin i cabin i
i

S S t dt
T

   (µg/h per person) is the time-averaged particle emission rate from in-228 

cabin sources; Ti is the time for each flight period. 229 
 230 

Thus, Eq. (4) can be obtained by combining Eq. (2) and Eq. (3),  231 
 232 
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                               (4) 233 

 234 
 Thus, the average particle emission rate from in-cabin sources for different flight periods, 235 

i.e. sitting, meal servicing and boarding/ deplaning, can be calculated by Eq. (5): 236 
 237 
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2.2 Estimation of particle concentration inside cabin during different flights of an airplane  240 
 241 

A given airplane flies to and from many different cities in the course of a year, and the outdoor 242 
particle concentrations vary significantly from city to city. The particle emission rates from in-243 
cabin sources varied during different flight periods because of various passenger activities, such 244 
as boarding, deplaning, sitting, and meal servicing. Therefore, for each flight period on each 245 
flight of a given airplane, j, the time-averaged particle concentration inside cabin should be 246 
calculated according to the corresponding particle emission rates, outdoor particle and flight 247 
information.  248 
 249 

With the assumption of well-mixed air inside cabin, Eq. (6) can be obtained also based on 250 
the mass balance equation, similar derivation as Eq. (1) ~ Eq. (4).  251 
 252 

   , ,,
, ,

01 o j j o jcabin j
o j j s j j

j j j j

C T CS
C C N

K V T




  
    

     
                 (6) 253 

 254 
To account for the variation in outdoor sources during different flights, the particle 255 

concentration in the supply air should be calculated for each flight with the use of information 256 
about flight routes and outdoor particle concentration in those cities, which can be estimated 257 
by, 258 
 259 

 , , ,1s j d j out jC M P C                                                  (7) 260 

 261 
where Pd,j is the particle deposition fraction in the environmental control system and 

,out jC  262 

(µg/m3) the averaged outdoor particle concentration. M is the fresh air fraction that is set to be 263 
0.5 since the supply air consists of 50% returned air filtered by a HEPA filter and 50% outside 264 
air35, and the filtration efficiency was assumed to be 100%. 265 
 266 

The measurements on the “training” flights provided the statistical average data for the 267 
particle emission rates and the third term in the right-hand side of Eq. (6) for different flight 268 
periods in different seasons, since the measurements were conducted in four seasons to consider 269 
the seasonal variation.  270 
 271 

For example, in spring,   272 
 273 

12

, ,
1

1

12cabin j cabin i
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S S


                                                     (8) 274 
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                                  (9) 276 

 277 
Then the time-averaged particle concentration inside cabin for each flight period of a given 278 
airplane, j, can be calculated by Eq. (10), 279 
 280 
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    (10) 281 

Since this study accounted for accumulated particle deposition, by using the average data, it 282 
would show “averaged condition” that may sound more reasonable. The annual PM2.5 and 283 
PM10 concentrations were used as Cout to present the average outdoor particle level of different 284 
airports. The other two items in Eq. (10) used the averaged measurements results obtained from 285 
random flights throughout a year, which also presented the average level of in-cabin sources. 286 

 287 
This study calculated the particle concentration inside cabin for different flight periods of 288 

each flight in the “testing” group using Eq. (10). The measurement results on “testing” flights 289 
were used to examine the validity of the derived estimation equation. 290 

 291 
2.3 Modeling particles deposited around the air supply nozzles 292 
 293 

Particle accumulation per square meter is widely used to evaluate the cleanliness of a 294 
surface36-38. Holopainen et al.39 found that if the accumulation was greater than 1.0 g/m2, the 295 
stains would be visible. For a given airplane, the accumulation of particles deposited on a 296 
surface around air supply nozzles over a certain period of time, m, can be calculated by: 297 
 298 

,d o j jm v C T                                                                  (11) 299 

 300 
where m (g/m2) is the accumulated particle mass during a flight; vd (m/s) the local particle 301 
deposition velocity, which can be calculated by a modified Lagrangian method proposed by 302 
Chen et al.3 with the use of a CFD program; Tj is the time for each flight period. In the CFD 303 
calculation, the airflow field was first calculated by using the SST k-ω model. Then, the 304 
damping function was employed to correct the turbulence kinetic energy in the near wall 305 
regions3. Then, this investigation used the Lagrangian tracking method to calculate the particle 306 
movement trajectories and also the particle deposition velocities according to the proposed and 307 
validated model by Chen et al3. The review by Lai40 showed that the indoor deposition rates of 308 
PM10 and monodisperse particles with a diameter of 5 μm, PM2.5 and monodisperse particles 309 
with a diameter of 1 μm, were in the same order of magnitude, respectively. Therefore, this 310 
study used the particle deposition velocity for monodisperse particles with a diameter of 1 μm 311 
and 5 μm to represent PM2.5 and PM10, respectively. The total accumulation on a given 312 
airplane was the cumulative number of particles deposited in different flight periods on all the 313 
flights of the airplane. This study used ANSYS Fluent 16.0, along with user-defined functions, 314 
to calculate the airflow field; recorded the particle trajectories; converted the trajectories to the 315 
particle concentration; and calculated the particle deposition velocity and the particle 316 
accumulations on the surfaces. 317 
 318 
3 RESULTS 319 
 320 
3.1 Particle emission rate from in-cabin sources 321 
 322 
This study measured the particle concentration near the diffusers inside of the MD-82 cabin, 323 
and found that it was nearly the same as the particle concentration in the occupied zone. The 324 
supply air mixed quickly with the cabin air after it entered the cabin. This study measured 325 
particle concentration in occupied zone as shown in Figure 2(a). Figure 2(b) shows the position 326 
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where the particle concentration near diffusers was measured with a sampling hose. The supply 327 
air concentration was measured with a hose inserted into the diffusers as shown in Figure 2(c). 328 
Figure 2(d) shows the PM2.5 concentrations measured in occupied zone, near diffusers and in 329 
supply air. The particle concentration in supply air was constant at 3.8 μg/m3, while the particle 330 
concentration near diffusers was close to that in occupied zone. Therefore, this study used the 331 
particle concentration in occupied zone in Eq. (11). 332 
 333 

  
(a) (b) (c) 

 
(d) 

FIGURE 2 Comparison measurement of particle concentration at different positions inside MD-334 
82 cabin, (a) in occupied zone, (b) near diffusers, (c) in supply air, and (d) measured PM2.5 335 
data 336 
 337 
Figures 3 shows the monitored particle concentrations in the occupied zone and the supply air 338 
during a commercial flight. The flight was from Tianjin to Xi’an with 180 passengers and 5 339 
crew members. The airplane model was Boeing 737-800. According to the passenger activities 340 
during different flight periods, we grouped the flight into four periods: sitting when the airplane 341 
was on the ground, sitting when the airplane was in the air, meal servicing and 342 
boarding/deplaning as shown in Figure 3. When an airplane is in the air, the outside air is very 343 
clean. Furthermore, almost all airplanes use HEPA filters to clean the return air. Therefore, we 344 
assumed that the particle concentration in the supply air was zero when the airplane was in the 345 
air, including climbing, cruising and descending. Since the HEPA filters are only used for 346 
returned air, and half of the supply air is from outdoor which is not filtered at all, particles in 347 
outdoor air were brought into the airplanes when the airplanes are waiting on the ground. As 348 
shown in Figure 3, the particle concentration in supply air was higher when the airplane was on 349 
the ground than in the air. During boarding and taxiing, the PM2.5 and PM10 in supply air was 350 
about 4.1 and 5.5 μg/m3, respectively, while they were close to 0 during cruising. The outdoor 351 
PM2.5 and PM10 were about 35 and 60 μg/m3. The particle concentration in supply air was 352 
positively correlated to the outdoor particle concentration. When the outdoor air quality 353 
becomes worse, the particle concentration in supply air will be higher on other flights. However, 354 
our earlier studies17,41,42 found that about 77% fine particles (dp≤2.5 μm) and 90% coarse 355 
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particles (2.5 μm<dp≤10 μm) deposited in the ECS before entering the cabin. The outdoor 356 
particle concentration had limited impact on the cabin PM2.5 concentration. The particle in 357 
occupied zone mainly come from the in-cabin sources. During sitting and meal servicing, the 358 
upper-body movements of the passengers may have generated some particles. Since the supply 359 
air brought some particles when the airplane was on the ground, the particle concentration in 360 
occupied zone during sitting on the ground periods were a little higher than during the sitting 361 
period in the air. During boarding and deplaning the particle concentration in occupied zone 362 
was the highest mainly because the movements of passengers and crew members were strong 363 
during this period.  364 
 365 

 366 
FIGURE 3 PM2.5 and PM10 mass concentration measured in the occupied zone and the supply 367 
air on a flight from Tianjin to Xi’an 368 
 369 

This investigation conducted four measurements of the particle emission rate from in-cabin 370 
sources in the five-row section of the economy-class cabin of the MD-82 airplane. We chose 371 
four days with different outside particle concentration levels for the experiment. For each 372 
measurement, Table 3 shows the date, time, outside PM2.5 and PM10 concentration from the 373 
nearest air quality monitoring station, our measured outdoor PM2.5 and PM10 concentration, 374 
and background PM2.5 and PM10 concentration in the empty cabin. The monitoring station 375 
from local government used tapered element oscillating microbalance (TEOM) method to 376 
measure the PM2.5 and PM10 mass concentration, which is considered to be most accurate. 377 
Our Dusttrak 8533 used light scattering method to determine the mass concentration that is less 378 
accurate. Thus, we used the government monitoring station data to calibrate our data. When 379 
measuring outdoor particle concentration with a Dusttrak 8533, the unit was placed at the height 380 
of 3 m around the MD-82 airplane at Tianjin Airport. The outdoor particle concentrations 381 
measured by us were nearly the same as those from the air quality monitoring station at the 382 
airport, which validated our particle measurements. Note that the data from the monitoring 383 
station were updated every hour, while our measurement interval was every minute. The 384 
background particle concentration inside the cabin, which was monitored for at least 30 min 385 
before the volunteers entered the cabin, varied little and remained at a very low level. 386 
Meanwhile, the outside PM2.5 varied significantly, from 16.4 μg/m3 to 82.6 μg/m3. This implies 387 
that most of the particles were deposited on the filter of the air-conditioning cart and in the air 388 
supply system before the air entered the cabin. 389 
 390 
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TABLE 3 PM2.5 and PM10 concentration inside the MD-82 cabin under different outdoor air 391 
quality levels  392 

Date Time 
PM2.5 (PM10) (μg/m3) 

Outdoor In cabin 
Monitoring station Measured  

June 20, 2017 12:00-13:00 15 (33) 16.4±0.6 (30.5±1.3) 3.8±0.5 (4.9±0.6)
July 8, 2017 7:00-8:00 46 (177) 44.5±0.9 (73.2±1.5) 4.6±0.4 (5.6±0.5) 
July 9, 2017 7:00-8:00 37 (65) 33.1±3.1 (51.0±5.9) 4.6±0.4 (5.5±0.5) 
July 16, 2017 7:00-8:00 84 (99) 82.6±7.7 (95.7±8.2) 4.7±0.2 (5.6±0.3) 

 393 
As shown in Figure 4, the PM2.5 and PM10 concentration in the supply air varied little and 394 

was nearly the same as the background concentration measured in the empty cabin. The particle 395 
concentration in the cabin was higher than that in the supply air during the experiment, which 396 
indicates that the passengers did indeed generate particles in the cabin. During the boarding and 397 
deplaning process, the particle concentration increased rapidly because of the movements of the 398 
passengers. Meal servicing could also have caused a slightly higher particle concentration. The 399 
particle concentration pattern measured in the MD-82 plane looks similar to that on the 400 
commercial flights. 401 

 402 

 403 
FIGURE 4 PM2.5 and PM10 mass concentration measured in the cabin and in the supply air of 404 
the five-row economy-class cabin of the MD-82 airplane.  405 
 406 

With the measurement data for PM2.5 and PM10 concentration in the cabin and in the supply 407 
air as shown in Figures 3 and 4, this study calculated the PM2.5 and PM10 emission rates from 408 
in-cabin sources by means of Eq. (10). Typically, the particle emission rate is expressed in terms 409 
of the particle mass per second43.  However, to account for the number of passengers, this study 410 
expressed the particle emission rate as particle mass per minute per person. Table 4 lists the 411 
average and standard deviation data of particle emission rates obtained from the MD-82 airplane 412 
calculated for each flight. The data show again that emission rates from in-cabin sources were 413 
highest during boarding and deplaning. The emission rates during sitting and meal servicing 414 
were similar. The average PM2.5 emission rates were 7.2, 2.6, 1.9, and 1.8 (μg/min per person), 415 
respectively, during the boarding/deplaning, sitting on the ground, sitting in the air and meal 416 
servicing. The corresponding PM10 emission rates were 15.4, 6.1, 5.3 and 5.4 (μg/min per 417 
person), respectively for these four periods. Particle emission was highest in winter, possibly as 418 
a result of the high clothing level. For example, the coats worn in winter may not be washed 419 
frequently, and taking off and putting on coats could produce more particles. Low humidity in 420 
winter can also be another reason. Some previous studies 44,45 showed that low relative humidity 421 
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could increase the particle emission and resuspension from indoor surfaces. Since high relative 422 
humidity affects the water film on any surface, which consequently affects particle adhesion to 423 
the surface and may make particles more difficult to escape. The measured results in the MD-424 
82 cabin were comparable to those on the commercial flights, which confirmed the validity of 425 
our commercial-flight experiment. Thus, the particle emission rates can be used to calculate the 426 
particle concentration inside a cabin for modeling the accumulation of particles deposited on 427 
different surfaces of the cabin. 428 
 429 
TABLE 4 Summary of mean ± standard deviation particle emission rate from in-cabin sources 430 
measured in the MD-82 cabin and on commercial flights in different seasons 431 

Airplane model Season 

In-cabin PM2.5 emission rate (μg/min per person) 
(In-cabin PM10 emission rate) 

Sitting  Sitting  
Meal servicing Boarding/deplaning 

on the ground in the air

B737/A320 

Fall 
2.3±0.8 1.6±1.1 1.6±0.8 6.9±2.6 

(4.5±1.5) (4.8±2.4) (5.5±2.3) (13.9±7.0) 

Winter 
3.9±1.9 2.3±1.7 2.2±1.1 11.1±6.3 

(8.8±3.0) (7.0±3.8) (6.9±3.0) (20.9±10.8) 

Spring 
3.0±2.0 1.9±0.8 1.8±0.8 5.4±2.1 

(7.4±4.1) (4.7±1.8) (4.9±1.4) (14.0±5.8) 

Summer 
2.5±1.3 1.9±0.8 1.7±0.8 4.4±1.8 

(5.1±2.9) (4.8±2.3) (4.6±2.0) (11.8±5.5) 

MD-82 Summer 
2.0±0.2 2.4±0.3 5.4±0.9 

(5.0±0.3) (6.5±0.7) (11.0±1.5) 

Average 
2.6±1.6 1.9±1.2 1.8±0.9 7.2±4.6 

(6.1±3.3) (5.3±2.8) (5.4±2.3) (15.4±8.5) 
 432 

To evaluate whether the proposed calculation method could produce the particle 433 
concentration inside cabin with reasonably good accuracy, we compared the measured and 434 
estimated PM2.5 and PM10 concentration in the aircraft cabin during different flight periods, 435 
as shown in Figure 5. Each point presents the comparison of the measured and estimated particle 436 
concentration inside cabin on each flight in the “testing” group. For each point, the measured 437 
Co was the time-averaged particle concentration inside cabin during a certain flight period on a 438 
certain “testing” flight, and the estimated Co was the corresponding time-averaged particle 439 
concentration calculated by Eq. (10). The particle concentration inside the cabin during sitting 440 
was divided into two periods, when the airplane was on the ground and when it was in the air, 441 
because of the different outdoor particle concentration levels. When the airplane was in the air, 442 
the PM2.5 and PM10 concentration inside the cabin was below 5 and 12 μg/m3, respectively. 443 
The concentration was much higher on the ground, especially during the boarding and deplaning 444 
periods. The average relative error between the estimated and measured PM2.5 concentrations 445 
inside cabin was 14.0%, and the value was 15.2% for PM10. This comparison indicates that the 446 
calculation method can quantitatively predict the average particle concentration inside the 447 
aircraft cabin when the particle emission rates from in-cabin sources are known. 448 
 449 
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(a) (b) 

(c) (d) 

 
FIGURE 5 Comparison of measured and estimated PM2.5 concentration in aircraft cabins (for 450 
the testing group) in different seasons during different flight periods (a)boarding/deplaning, (b) 451 
sitting (on the ground), (c) sitting (in the air), and (d) meal servicing 452 
 453 

In general, the differences should be acceptable, but there are some patterns. For example, 454 
the estimated concentration in winter was consistently higher than the measured data during the 455 
boarding and deplaning periods. The clothing level could be a major factor between the 456 
“training” and “testing” groups. The estimated concentration during sitting and meal serving 457 
periods in the summer and fall varied much more than the measured data. This implies that the 458 
number of flights used in the training group is not sufficient to be more inclusive. 459 
 460 
3.2 Accumulation of particles deposited around air supply nozzles in cabins 461 
 462 
To predict the accumulation of particles deposited around the air supply nozzles in airliner cabin, 463 
one must consider the outdoor concentration because it is a significant source17. This requires 464 
information about the flight routes of a typical airplane and the outdoor PM2.5 and PM10 465 
concentration in the ground air. It is difficult to identify a “typical” polluted airplane, as the 466 
pollution level is related to many factors, such as particle concentration, time on the ground 467 
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during servicing, and flight routes. It is easier to find the most polluted airplane, one which has 468 
been parked primarily at airports with high levels of air pollution and has had long on-ground 469 
servicing times. Identifying such an airplane would facilitate the evaluation of worst-case 470 
accumulation of deposited particles. To identify the most polluted airplane, this study calculated 471 
the annual particle exposure for each airplane operating in China. The most polluted airplane 472 
had the highest annual particle exposure. The particle exposure is the sum of the particle 473 
concentrations at the airports where the airplane had stopovers, each multiplied by the air-474 
conditioning time of the airplane at that airport. 475 
 476 
The aircraft model is a very important factor because it determines air diffuser design, ground 477 
time, flight routes, etc. This investigation chose the Boeing 747 as an example. We studied the 478 
flight routes of the most polluted B-747 airplane in China. This airplane made 1173 flights in 479 
two years, as shown in Figure 6(a). All the flights departed from or arrived at Beijing airport, 480 
which has severe particle pollution. Outdoor PM2.5 and PM10 varies hourly and the variation 481 
may range from less than 10 μg/m3 to more than 500 μg/m3, such as in Beijing. In a year, 482 
airplanes will fly to different cities for many times at different time. Since this study accounted 483 
for accumulated particle deposition, the annual PM2.5 and PM10 concentrations were used to 484 
present the average outdoor particle level of different airports. For each individual airplane, the 485 
PM2.5 and PM10 concentration may depart significantly from the average. Figure 6(b) depicts 486 
the annual PM2.5 and PM10 concentrations of 2016 in the cities of the airports at which the 487 
aircraft was parked. Note that, the data of annual PM2.5 and PM10 concentration in Frankfurt, 488 
New York and San Francisco in 2016 were not found in the literatures and websites. This study 489 
used the data for other years provided by WHO report of Ambient Air Pollution Database. When 490 
the outdoor particle concentrations in those cities are known, the particle concentration 491 
originating from the outdoor environment can be determined. 492 
 493 

 494 
(a) 495 
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 496 
(b) 497 

FIGURE 6 (a) Airports at which the most polluted B-747 airplane was parked in 2016 and 2017, 498 
and (b) annual PM2.5 and PM10 concentration at those airports 499 

 500 
Table 5 summarizes the additional parameters used in this study for modeling particle 501 

accumulation around the air supply nozzles of the most polluted airplane. Since this study 502 
focused on PM2.5 and PM10, the deposition fraction of PM2.5 and PM10 in the ECS should 503 
be known. Our previous studies measured17,41 and calculated42 the particle deposition fraction 504 
in the ECS, the results showed that about 77% of the fine particles (dp≤2.5 μm) and 90% of the 505 
coarse particles (2.5 μm<dp≤10 μm) deposited in the ECS before entering the aircraft cabin. 506 
The air change rate was an important factor in the calculation of particle emission rate. 507 
However, it was difficult to measure the actual air change rate on a commercial flight. The air 508 
change rate for this airplane was estimated to be 30 h-1, which was the average value obtained 509 
from the literature12, 46-50. To improve the results, efforts should be made to obtain more 510 
measurement data for the actual air change rate on commercial flights. This study assumed a 511 
fully occupied condition, and the same number of passengers and crew members on all the 512 
flights. The cabin volume was estimated from data on several airplane cabin mockups used in 513 
previous CFD simulations46,51. After the passengers deplaned, ground services such as catering 514 
and cleaning were conducted inside the aircraft cabin in preparation for the next flight. This 515 
study also considered the accumulation of deposited particles during this period. The PM2.5 516 
and PM10 concentration was estimated to be 15 and 25 μg/m3, respectively, according to our 517 
previous experiment on an MD-82 airplane and the particle emission rate during cleaning in 518 
residential buildings23, 30. 519 
 520 

In this study, the times for different flight periods in Eq. (6) were an important factor in 521 
modeling the particle accumulation. Historical data on the time in the air for each flight of a 522 
given airplane are available online (https://www.flightradar24.com). For the B-747 airplane in 523 
this study, the data showed that the average time per flight was 424 min. However, there were 524 
no exact historical time data on boarding, waiting, taxiing, servicing, or deplaning. This study 525 
estimated the data according to the average times for these periods as recorded on the 66 526 
domestic flights and the 2 international flights. Further statistical data are needed to improve 527 
the modeling. 528 
 529 
TABLE 5 Parameters used for modeling particle accumulation on the most polluted B-747 530 
airplane 531 

Parameter Value 
Total flights in 2016 and 2017 1173 
Average time per flight 424 min 
Air change rate12, 46-50 30 h-1 
Combined number of passengers and crew members 375 
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Cabin volume46,51 315.68 m3 
PM2.5 (PM10) concentration during ground services23,30 15 (25) μg/m3

Total particle deposition fraction for particles 
dp≤2.5 μm 0.77 
2.5 μm<dp≤10 μm 0.90 

Average time for  

Boarding and deplaning 65 min 
Sitting on the ground 45 min 
Ground services 90 min 
Meal servicing 60 min 
Sitting in the air 364 min 

 532 
With the above information, this study simulated the cumulative PM2.5 and PM10 deposition 533 

on the walls near the air supply nozzles of the airplane over one-month, three-month and six-534 
month timeframes. We have built a geometry model of a half section, one-row Boeing 747 535 
airplane cabin as shown in Figure 7 (a). The upper nozzles are installed above the luggage 536 
storage, while the lower nozzles are installed between the side wall and the overhead panel. The 537 
overhead panel is where the gaspers and buttons are installed. Since the dirty spots/areas are 538 
along the outflow regions of the lower horizontal nozzles, the geometry inside the duct and 539 
nozzles was not simplified in order to capture the detailed airflow feature in these sensitive 540 
areas. Figure 7 (b)-(g) show the deposition near the air supply nozzles. After one month of 541 
operation, the dirty spots/areas are still virtually invisible. However, after three months, the 542 
dirty spots/areas become visible (1.0 g/m2). After six months, the dirty spots/areas are even 543 
more obvious. Therefore, the wall around the nozzles should be cleaned at least every six 544 
months for this most polluted airplane. 545 
 546 

(a) 

 

(b) (c) 
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(d) (e) 

(f) (g) 
FIGURE 7 Accumulation of particle deposited on the wall near the air supply nozzles of the 547 
Boeing 747 airplane (a) geometry model of a half section, one-row Boeing 747 cabin, PM 2.5 548 
accumulation over (b) one month, (d) three months and (f) six months and PM10 accumulation 549 
over (c) one month, (e) three months and (g) six months 550 
 551 
4 DISCUSSION 552 
 553 
There were some limitations to this study. The first was the calibration of the Dusttrak 8533 554 
monitor. Previous studies27, 52 have reported that a light-scattering particle monitor must be 555 
calibrated because it estimates particle weight rather than measuring it directly28. As particles 556 
have different scattering properties, calibration factors vary when the monitor is used in 557 
different environments. With the calibration factors mentioned in the method, the Dusttrak 558 
monitor provided reasonably accurate particle mass concentrations in outdoor environments. 559 
However, particle characteristics (size distribution, particle density, refractive index, etc.) may 560 
have varied between the atmospheric particles and the emission aerosols from passenger 561 
activities inside the aircraft cabin. Therefore, further efforts are needed to confirm the variation 562 
of calibration factors in the aircraft cabin environment. 563 
 564 

In this study, when estimating the particle concentration in the supply air, we regarded the 565 
particle level reported by a monitoring station as the particle concentration around the airplanes, 566 
since there were no direct data on particle concentrations at the various airports. Taking our 567 
previously measured results17 as an example, the difference between the PM2.5 concentration 568 
measured at Tianjin airport and that reported by the nearest monitoring station was not constant. 569 
Sometimes the PM2.5 was higher at the airport, and at other times it was lower. Although the 570 
particle emission from the airplane engines was a significant source, the wind speed and 571 
direction could have influenced the measured difference. The average difference between the 572 
PM2.5 concentration around the airplanes and the reported PM2.5 concentration was about 8.7 573 
μg/m3. The impact of this concentration difference on the results was further decreased by the 574 
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significant particle deposition rate in the ECS. However, for some cities, the nearest particle 575 
monitoring station was at a considerable distance from the airport. In those cases, the difference 576 
in outdoor particle concentration was much higher. For a better understanding of particle-related 577 
pollution at airports in the future, we recommend that each airport acquire its own particle 578 
monitoring station to provide exact data on particle concentrations around airplanes. 579 

 580 
Since it was impossible to measure particle concentration in the supply air during the 581 

climbing and descending periods, this study assumed that the particle concentration originating 582 
from outdoors was zero in these two periods. This assumption may have resulted in under-583 
prediction of particle accumulation. However, a previous study showed a 97% decrease in the 584 
outdoor particle concentration at an altitude of 3 km53. It took about 5 min for the airplanes in 585 
our study to climb to this altitude. Therefore, the under-prediction may not be significant. We 586 
considered the method to linearize the variation of outdoor particle concentrations with the 587 
altitude, which only resulted in an increase of 0.6% particle accumulation. It was a rough 588 
estimate because of the limit information from the literature. To have the accurate correlation 589 
between the outdoor particle concentrations with the flying height of the airplane needs more 590 
information about the rate of climb for the airplanes and the outdoor particle concentration at 591 
different altitudes. Few literatures are found to create the database. To simplify the calculation, 592 
we would like to ignore it. 593 

 594 
We measured particle concentration in the middle and rear of the MD-82 cabin and also at 595 

an aisle seat and a window seat in the same row to identify the spatial differences. Our results 596 
show that the differences among these locations were less than 2%. Of course, when the flight 597 
attendants heat food, the concentration near the galley area would be much higher. However, 598 
special activities, such as heating food, lasted only for a few minutes and may not occur in every 599 
flight. Thus, this study did not consider the impact of special activities on the particle 600 
concentration. 601 

 602 
As shown in Table 3, this study measured the particle concentration inside empty MD-82 603 

cabin. The PM2.5 concentrations in the occupied zone in the empty cabin were 3.8±0.5, 4.6±0.4, 604 
4.6±0.4, and 4.7±0.2, respectively, for the four measurements. The particle concentration inside 605 
the cabin varied very little when the cabin was empty. When the cabin was occupied with 606 
passengers as shown in Figure 4, the particle concentration inside cabin increased and varied 607 
significantly when the passengers had different activities. It indicates that the passengers were 608 
the main factor influencing the particle concentration. This study conducted measurements on 609 
the MD-82 airplane with a fully occupied section, B737/A320 airplanes with 137~195 610 
passengers and crew members and B777 airplanes with 219 passengers and crew members. The 611 
occupation densities were close to or exactly 100 %. The occupation densities were nearly the 612 
same while the passenger and crew number varied a lot due to different airplane models. To 613 
make a consistent comparison, this study used the particle generation rate averaged by the 614 
number of passengers and crew members. 615 

 616 
This study focused on particle deposition around air supply nozzles. According to a previous 617 

study34, the particle deposition velocity on other inner surfaces of an airplane, such as the 618 
ceiling, floor and cabin walls, is about three orders of magnitude smaller than that around the 619 
air supply nozzles. The reason for the difference is that, around the nozzles, stronger turbulent 620 
diffusion toward the wall lead to a higher possibility of particle deposition at that location3. 621 
After a certain period of operation, the dirty, smudged areas around the nozzles caused by the 622 
deposited particles become more obvious; they are unsightly, and the airplane may appear older. 623 
 624 
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In this study, we used a Boeing 747 airplane as an example to predict the particle 625 
accumulation around the air supply nozzles. The B-747 is a large, wide-body airplane that 626 
serves mainly international flights and long-haul domestic flights. For this type of airplane, the 627 
time in the air is usually longer than on the ground. A mid-size airplane, such as a B-737 or A-628 
320, serves short-haul domestic flights. Since the particle concentration inside the cabin is 629 
obviously higher when waiting on the ground than during cruising, the accumulation may be 630 
higher for a B-737 or A-320 than for a B-747 if the diffusers of the airplanes were the same. 631 
However, the diffuser design is also a very important factor influencing the particle deposition 632 
around the diffusers. As investigated by the Chen et al. 3, the angle between the supply air jet 633 
and the wall, the area ratio of openings to bars of a multi-slot diffuser and the airflow rate 634 
affected the particle deposition on the surrounding surfaces. More information of detailed 635 
diffusers design on different types of airplanes are needed to conclude which type of airplanes 636 
has most serious particle accumulation around the diffusers. 637 
 638 
5 CONCLUSIONS 639 
 640 
This investigation conducted multiple in-flight measurements to obtain the emission rate of 641 
particles from in-cabin sources. With the measurement data, this study used a CFD program to 642 
predict the particle accumulation around the air supply nozzles in the most polluted Boeing 747 643 
airplane in China. The following conclusions can be drawn from this study: 644 

The in-cabin sources emitted more particles during the boarding and deplaning periods than 645 
during the meal servicing and sitting periods. The emission rates during sitting and meal 646 
servicing were similar. The average PM2.5 emission rates were 7.2, 2.6, 1.9, and 1.8 (μg/min 647 
per person), respectively, during the boarding/deplaning, sitting on the ground, sitting in the air 648 
and meal servicing. The corresponding PM10 emission rates were 15.4, 6.1, 5.3 and 5.4 (μg/min 649 
per person), respectively for these four periods.  650 

The average particle emission rate from in-cabin sources varied seasonally and was the 651 
highest in winter. The measured results on commercial flights were comparable to those in the 652 
cabin of a retired MD-82 airplane on the ground with an air-conditioning cart, which confirmed 653 
the validity of the in-flight experiment.  654 

The proposed calculation method is able to quantitatively predict the average PM2.5 and 655 
PM10 concentration inside an aircraft cabin during different flight periods in different seasons 656 
when the particle emission rate from in-cabin sources is known. The average relative error 657 
between the estimated and measured PM2.5 concentrations inside cabin was 14.0%, and the 658 
value was 15.2% for PM10.  659 

For the most polluted B-747 airplane in China, the dirty spots/areas around the air supply 660 
nozzles become visible after six months. Therefore, the area near the air supply should be 661 
cleaned every six months. 662 
 663 
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