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ABSTRACT 24 
To control the transport of particles such as the SARS-CoV-2 virus in airliner cabins, which is a 25 
significant concern for the flying public, effective ventilation systems are essential. Validated 26 
computational fluid dynamics (CFD) models are frequently and effectively used to investigate air 27 
distribution and contaminant transportation. The complex geometry and airflow characteristics in 28 
airliner cabins pose a challenge to numerical CFD validation. The objective of this investigation 29 
was to identify accurate and affordable validation processes for studying the airflow field and 30 
particulate contaminant distribution in airliner cabins during the design process for different 31 
ventilation systems. This study quantitatively evaluated the effects of ventilation system, 32 
turbulence model, particle simulation method, geometry simplification, and boundary condition 33 
assignment on airflow and particulate distributions in airliner cabins with either a mixing 34 
ventilation (MV) system or a displacement ventilation (DV) system calculated by CFD. The 35 
results showed that among four turbulence models, the standard k-ε, RNG k-ε, realizable k-ε and 36 
SST k-ω models, the prediction by the realizable k-ε model agreed most closely with the 37 
experimental data. Meanwhile, the steady Eulerian method provided a reasonable prediction of 38 
the particle concentration field with low computing cost. The computational domain should be 39 
simplified differently for the DV system and the MV system with consideration of the simulation 40 
accuracy and computing cost. For more accurate modeling results, the boundary conditions 41 
should be assigned in greater detail, taking into account the uniformity on the boundary. 42 
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1. Introduction 43 
The COVID-19 pandemic has focused significant public attention on the cabin environment in 44 

commercial airplanes [1,2]. The air distribution in an airplane plays a pivotal role in the creation 45 
of a clean, healthy, and comfortable cabin environment [3,4]. Current airplanes use a mixing 46 
ventilation (MV) system to obtain a uniform air distribution. This system supplies clean air at 47 
ceiling level and extracts contaminated air at floor level [5]. However, several previous studies 48 
found that the MV system was not efficient in controlling contaminant transmission [6-8]. To 49 
improve the cabin air quality, recently increasing attention by researchers has been paid to the 50 
development of a displacement ventilation (DV) system that supplies conditioned air at floor 51 
level at a low velocity and extracts contaminated air at ceiling level. The control of COVID-19 52 
requires careful investigation of the air and contaminant distributions. 53 

To study the airflow and contaminant distributions in an airplane cabin under different 54 
ventilation systems, either experimental measurements or computational fluid dynamics (CFD) 55 
simulations are commonly used [9]. Compared with experimental methods, CFD modeling is 56 
more efficient, and it can be used to analyze multiple cases at low cost [10]. However, it is 57 
challenging to accurately simulate airflow and contaminant transmission in an airplane cabin by 58 
CFD because of the complex geometry and flow pattern and the approximations used in the 59 
modeling method [11]. Previous studies reported discrepancies between the numerical results 60 
and experimental data for airflow and contaminant distributions in airplane cabins [12]. It is 61 
essential to validate CFD results if this modeling approach is used for airplane studies. 62 

Numerous studies [11-24] have validated CFD results for the distributions of air velocity, air 63 
temperature, and gaseous and particulate pollutant concentration in aircraft cabins under mixing 64 
ventilation. However, few studies have addressed displacement ventilation [25-27]. Since the 65 
flow characteristics in a cabin are different under different ventilation systems, the modeling 66 
strategies may not be the same. The strategies include choosing a suitable turbulence model, 67 
identifying the contaminant modeling method, setting the geometric model, and providing 68 
suitable boundary conditions. These strategies should be quantitatively evaluated. 69 

Accurate CFD modelling of airflow cannot be performed without a suitable turbulence model. 70 
Liu et al. [21] evaluated several models for predicting airflow in an MD-82 airplane cabin. They 71 
found that the large-eddy-simulation model provided the most accurate results, but the 72 
computing time was too long. Reynolds-averaged Navier-Stokes (RANS) models were more 73 
suitable. Li et al. [12,15] concluded that the Reynolds stress model was not as good as the two-74 
equation RNG k-ε model in predicting the airflow and SF6 concentration fields in an airplane 75 
cabin. Elmaghraby et al. [14] stated that the RNG k-ε model had the lowest errors when 76 
simulating the SF6 concentration inside a three-row cabin mockup of a B767 airplane, compared 77 
with the standard k-ε model, the RNG k-ε model, the realizable k-ε model, and the SST k-ω 78 
model. However, they only compared the measured and predicted SF6 concentrations at two 79 
points. The above studies were all focused on MV systems. For DV systems, Zhang et al. [26,27] 80 
compared the airflow and CO2 concentration fields predicted by the RNG k-ε model with 81 
experimental data. You et al. (2018) [25] predicted the air velocity, air temperature, and 82 
contaminant distributions in a Boeing-737 cabin using a hybrid turbulence model. These studies 83 
demonstrated that various two-equation RANS models can be used effectively [9]. However, 84 
these past studies did not identify the most accurate model.  85 

Lagrangian and Eulerian methods are both popular for modeling particle transportation [9]. 86 
The Lagrangian method treats the particles as a discrete phase and calculates the trajectory of 87 
each individual particle. A continuous concentration field of particles can be obtained by 88 
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tracking a sufficient number of particle trajectories. The Eulerian method treats particles as a 89 
continuous phase and solves the corresponding governing transport equations for a scalar. 90 
According to previous studies, the two methods provided similar results for particle dispersion, 91 
but the computational costs were quite different [28,29]. For a steady state, the calculation time 92 
of the Eulerian method was shorter than that of the Lagrangian method because the latter must 93 
usually track the trajectories of a large number of particles, generally twice the grid number. 94 
Wang et al. (2012) [28] compared the performance of the two methods in a building environment 95 
and concluded that the Lagrangian method with the LES and DES models  accurately predicted 96 
the particle concentration, but the computing cost was very high. The RANS model combined 97 
with the Eulerian method was found to provide reasonable and affordable prediction of the 98 
particle concentration field at a steady state. However, the particle transmission in airplane 99 
cabins has been modeled primarily by the Lagrangian method in previous studies [11,22,23]. The 100 
use of the Eulerian method to model particle concentration in airplane cabins still requires a 101 
comprehensive evaluation. 102 

Proper simplification of geometry and selection of mesh type and number are important 103 
factors in simulation accuracy and computing time. Duan et al. 2015 [19] quantitatively 104 
evaluated the accuracy and computing costs for three mesh types and five grid numbers in the 105 
simulation of air distribution in an MD-82 first-class cabin. Since the geometry of the first-class 106 
cabin was very complex, involving realistic seats, manikins and air diffusers, a hexahedral mesh 107 
with a grid number of at least 12 million or a tetrahedral mesh with at least 15 million cells was 108 
needed to produce acceptable results. The computing time for each of these simulations would be 109 
about 80-90 hours on a computer with 32 cores and a 128 G memory, which is a prohibitively 110 
long time for ventilation system analysis. As the geometry of airplane cabins is relatively 111 
complex, proper simplification of the geometry is essential for reducing the grid number. Liu et 112 
al. 2013 [21] reported that cutting off the aisles at both ends of a first-class cabin could reduce 113 
the grid number. The simplification had little influence on the airflow field simulation because 114 
there were no heat or momentum sources in the region. However, oversimplification may 115 
increase errors in simulations. For example, the seat legs (supporting structure beneath the seats) 116 
were commonly simplified during construction of the computational domain of the airplane 117 
cabin in previous studies [12-27]. With the DV system, the air is supplied at floor level. The seat 118 
legs may be obstacles for the supplied air, reducing the air velocity. The cabin geometry should 119 
not be simplified in the same way for different ventilation systems. Unfortunately, no previous 120 
studies have quantitatively evaluated the effects of cabin geometry simplification on the accuracy 121 
of CFD simulations. 122 

Proper setting of boundary conditions is also essential in CFD modeling [30,31]. For an 123 
aircraft cabin, the boundary conditions that most greatly affect the air distribution usually include 124 
flow boundary conditions for diffusers, inlet air temperature, and the thermal condition of all 125 
surfaces in the cabin. A number of previous CFD simulations in aircraft cabin have set the same 126 
inlet flow boundary conditions for all diffusers [13,14,16,23,24,26,27] and the same thermal 127 
conditions for the surfaces of all manikins [11,13,14,16,22-24,26,27], while other studies have 128 
set the inlet air velocity conditions differently for each diffuser [11,12,15,17,18,22,25]. In some 129 
cases, manikins have been divided into head, chest, abdomen, thigh and calf sections, and an 130 
average temperature has been used for each section [12,15,17,18,25]. However, the effects of 131 
these boundary conditions on the simulation results have not been reported in detail.  132 

Therefore, this study quantitatively evaluated the impact of ventilation system, turbulence 133 
model, particle simulation method, geometry simplification, and boundary condition assignment 134 
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on airflow and particulate distributions in airliner cabins calculated by CFD. Measurement data 135 
[32,33] were used for model validation. The aim of the study was to identify an accurate and 136 
affordable method for studying the airflow and particulate contaminant distributions in airliner 137 
cabins.   138 
2. Numerical method 139 
2.1. Computational domains 140 

This study constructed a geometric model according to a previously published schematic and 141 
field measurement data for a seven-row cabin mockup, as displayed in Fig. 1[32,33]. Fig. 1(a) 142 
shows the computational domain with the DV system. There were seven air diffusers on the 143 
lower parts of both cabin side walls. Seven exhausts were installed in the middle of the ceiling. 144 
Since there was a certain amount of air leakage through the glass door and end door, an air 145 
leakage gap with a width of 1 cm was set at the joints according to the contours of these two 146 
doors. To connect power cables to the testing instruments in the cabin, a circular opening with a 147 
diameter of 10 cm was created in the lower part of the left-hand cabin wall. This opening was 148 
also set as an air leak in the geometric model. The air leakage flow rates at the three air leakage 149 
positions were determined from the experimental data. For the DV system, the air leakage flow 150 
rates were 8%, 2.5% and 2.5% of the total flow rate at the glass door, end door and side wall, 151 
respectively. The particle source was located above the head of the manikin in seat B of the 152 
fourth row.  153 

  154 
                         

 
   (a)                        
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(b) 

Fig. 1. Geometric model of the seven-row aircraft cabin: (a) cabin with DV system, and (b) cabin with MV 155 
system 156 

Fig. 1(b) shows the computational domain with the MV system. The positions of the particle 157 
source, measured sections, and air leakages were the same as with the DV system. The air 158 
leakage flow rates were 8%, 4% and 2% at the glass door, end door and side wall, respectively. 159 
The locations of the diffusers and exhausts for the DV system were reversed from the locations 160 
used for the MV system. In addition, seven diffusers were installed on the shoulders of both side 161 
walls. The measurements at the cross section were taken in front of the manikins sitting in the 162 
fourth row, and those in the longitudinal section were taken through the middle of the manikins 163 
in seat C.  164 

In the experiment, the diffusers in the DV and MV system were simply rectangular openings 165 
without any grilles. Aluminum honeycomb cores were installed inside the diffusers to adjust the 166 
velocity direction of the supply air. The thickness of the aluminum foil of the honeycomb was as 167 
thin as 0.04 mm, and the effective area coefficient of the air supply opening was 98%. Therefore, 168 
this study used rectangular openings to represent the diffusers and scaled down all openings to 169 
keep the same effective area as the experimental mockup. The method ensures that the inlet 170 
velocity, mass flow rate and momentum flux are the same as the experimental data. 171 

Since the air diffusers were located in the lower part of the cabin with the DV system, the 172 
geometric obstacles under the seats may have affected the air distribution inside the cabin. 173 
Therefore, this study evaluated the effect of the seat legs on the airflow.  174 
2.2. Boundary conditions 175 

This study set the velocity inlet and air temperature for the diffusers and the outflow for the 176 
exhausts and air leakages. For the surface temperatures, measured data was used. The modeled 177 
particles had a diameter of 1 μm, and a density of about 915 kg/m3. The mass flow rate of the 178 
particle source was 0.00462 kg/s. The particle deposition rate of particles with a diameter of 1.0 179 
μm in the fully occupied aircraft cabin was about 0.0000515 s-1 estimated by the empirical 180 
deposition equations proposed by You and Zhao [34]. However, the air change rate in the aircraft 181 
cabin was about 0.013 s-1, which was three orders of magnitude higher than the particle 182 
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deposition rate. Therefore, particle deposition has little effect on the particle distribution in the 183 
aircraft cabin, which can be neglected [20].  184 
2.3. Turbulence models  185 

This investigation used the standard k-ε model, the RNG k-ε model, the realizable k-ε model, 186 
and the SST k-ω model to study the airflow and particle dispersion in the seven-row aircraft 187 
cabin. The governing equations for all four turbulence models can be written in a general form:  188 

𝜌𝜌 𝜕𝜕𝛷𝛷�

𝜕𝜕𝜕𝜕
+ 𝜌𝜌𝑢𝑢�𝑖𝑖

𝜕𝜕𝛷𝛷�

𝜕𝜕𝑥𝑥𝑖𝑖
− 𝜕𝜕

𝜕𝜕𝑥𝑥𝑖𝑖
�𝛤𝛤𝜙𝜙,𝑒𝑒𝑒𝑒𝑒𝑒

𝜕𝜕𝛷𝛷�

𝜕𝜕𝑥𝑥𝑖𝑖
� = 𝑆𝑆𝜙𝜙                                           (1) 189 

where ϕ represents the flow variables, Γϕ,eff the effective diffusion coefficient, and Sϕ the source 190 
term. Table A1 presents key information for the four turbulence models. A more detailed 191 
description of these turbulence models can be found in the user manual of the ANSYS Fluent 192 
Version 19.0 software program [35]. 193 
2.4. Eulerian method   194 

This study used the Eulerian method to calculate the particle concentration in the cabin. The 195 
concentration was calculated by the following transport equation [36]: 196 

where VS���⃗  is the settling velocity of particles, ρ the density of air, C the concentration of particles, 198 
Sc the generation rate of the particle source, and Г the effective particle diffusivity:  199 

Here D is the Brownian diffusivity of particles and νp the particle turbulent diffusion coefficient. 201 
The D is negligible compared with νp in a turbulent flow when the particle size is larger than 202 
0.01 μm. The νp is equal to the gas diffusion coefficient νt when the Stokes number of a particle 203 
approaches zero in a homogeneous turbulent flow [37,38]. As long as the particle Stokes number 204 
is low, this relation holds, although real airflows may not satisfy the assumption of homogeneity 205 
[39]. 206 

The settling velocity of a particle, derived by equating the fluid drag force on the particle with 207 
the gravitational force, can be expressed as:  208 

Vs = ρpdp2gCc
18μa

                                                                (4) 209 
 210 
where ρp is the particle density, dp the particle diameter, µα the air viscosity, g the gravitational 211 
acceleration, and Cc the Cunningham correction factor. This factor can be expressed as: 212 

Cc = 1 + 2λ
dp

(1.257 + 0.4exp (−1.1dp/2λ))                                  (5) 213 

where λ is the mean free path of air molecules, which is 0.066 μm when the air temperature is 214 
20 ℃ and the pressure is 0.1 MPa.  215 
2.5. Numerical schemes   216 

This study used the commercial CFD software ANSYS FLUENT 19.0 to perform all the 217 
numerical calculations. The Eulerian model was realized by implementing a user-defined 218 
function in ANSYS Fluent. This study employed the Boussinesq assumption to account for the 219 
buoyancy effect. For the k-ε models, it was necessary to use the wall function to solve the fluid 220 
velocity in the viscous sublayer near the wall. Since the surface-averaged y+ was less than 10 in 221 
this study, the enhanced wall function was used [13,19,21]. This investigation used the finite 222 
volume method to discretize the governing equations and the SIMPLE algorithm to couple the 223 
pressure and velocity. The PRESTO! scheme was adopted for pressure discretization, and 224 
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second-order upwind was used for iterations for all variables except pressure, in order to achieve 225 
higher accuracy. Convergence was reached when the sum of the normalized residuals for all the 226 
cells became less than 10-6 for energy and 10-3 for all the other variables. Since the particle 227 
concentration was a scalar equation computed from the convergent flow field, the required 228 
computing time was short. 229 
2.6. Grid independence tests   230 

This study performed a grid-independence test for grid numbers of 2.87 million, 5.77 million, 231 
and 11.72 million. Fig. 2 compares the air velocity profiles with the DV system at two horizontal 232 
lines and two vertical lines on the cross section. The results with 5.77 million cells were nearly 233 
the same as those with 11.72 million cells, and were close to the experimental data. Therefore, 234 
this study selected the 5.77-million-cell mesh for further investigation with the DV system, as 235 
shown in Fig. 3(a). The cell size for the diffusers was about 10 mm, for the dummies and seats 236 
about 25 mm, and for the rest of the space about 50 mm. The size change was controlled to be 237 
less than 20% to reduce numerical diffusion. The same cell size as the DV system was used to 238 
generate the mesh for the MV system, as shown in Fig. 3 (b). 239 
 240 

Fig. 2. Grid-independence test for air velocity in the cabin with the DV system. 242 
 243 
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(a)                                                                          (b) 245 
Fig. 3. Mesh distribution selected for the cabin with (a) the DV system (5.77 million cells) and (b) the MV 246 
system (5.97 million cells) 247 
 248 
2.7. Criteria for validating the CFD results 249 

This study qualitatively and quantitatively compared our CFD results with the experimental 250 
data to evaluate the CFD performance. The quantitative comparisons used the normalized root-251 
mean-square error (RMSE) [12] to describe the discrepancies with the data: 252 

 253 
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 255 
where Cpi and Cmi, respectively, represent the predicted results and measured data, such as air 256 
velocity, air temperature, and particle concentration at certain locations. This study used 257 
dimensionless variables that were defined as: 258 
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 261 
where V is the average velocity at all the measured locations, and Vlocal ,Tlocal and Clocal are the 262 
air velocity, air temperature and particle concentration, respectively, at a given location. 263 
Meanwhile, Tin and Cin are the air temperature and particle concentration, respectively, from the 264 
diffusers, and Tout and Cout are the air temperature and particle concentration, respectively, at the 265 
exhausts. 266 
3. Results 267 
3.1. Comparison of turbulence models 268 

In order to select a suitable turbulence model, this study took the DV system as an example 269 
and compared the results predicted by different turbulence models with the measured data. As 270 
shown in Fig. 4, all four turbulence models predicted an airflow distribution consistent with the 271 
experimental data, generally in the form of bottom-up flow. Nevertheless, there were some 272 
differences between the results of the different models at some measuring points. In particular, 273 
the velocity magnitude and direction predicted by the SST k-ω model deviated more from the 274 
experimental data than did those predicted by the other three k-ε models at most of the 275 
measuring points in the cross section. Among the three k-ε models, the results of the standard k-ε 276 

10 mm

50 mm

25 mm

10 mm
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model and realizable k-ε model were similar, while the results of the RNG k-ε model were 277 
somewhat different.  278 

 279 

 
(a) 

 
(b) 

Fig. 4. Qualitative comparison of velocity field with DV system predicted by different turbulence models in (a) 280 
the cross section and (b) the longitudinal section. 281 

 282 
Fig. 5 compares the predicted and measured temperature profiles on 8 lines of the cross and 283 

longitudinal sections. The temperature field predictions by the three k-ε models were similar and 284 
agreed well with the experimental data. The temperatures predicted by the SST k-ω model were 285 
0.5 ℃ lower than the experimental data and the results of the three k-ε models. 286 

 287 
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288 

289 
Fig. 5. Comparison of the predicted and measured temperature profiles under the DV system. 290 

 291 
To provide a quantitative evaluation of the four turbulence models, Table 1 summarizes the 292 

calculated RMSE values using the velocity, temperature and particle concentration predicted by 293 
the four different two-equation turbulence models. For the velocity and temperature fields, the 294 
three k-ε models provided similar RMSE values. For the particle concentration, the RMSE of the 295 
realizable k-ε model was similar to the best data predicted by SST k-ω model, which was 2.6% 296 
better than the standard k-ε model and 7.2% better than the RNG k-ε model. The velocity and 297 
temperature fields predicted by SST k-ω model deviated the most from the experimental data. 298 
Overall, among the four turbulence models, the realizable k-ε model agreed the most closely 299 
with the measurement data.  300 
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 301 
Table 1  302 
Index RMSE values for evaluating the velocity, temperature and particle concentration predicted by the four 303 
two-equation turbulence models. 304 

DV system Velocity Temperature Concentration 
Standard k-ε 0.426 0.078 0.941 
RNG k-ε 0.425 0.082 0.987 
Realizable k-ε 0.426 0.079 0.915 
SST k-ω 0.492 0.091 0.908 

 305 
3.2. Comparison of geometry simplification 306 

This study evaluated the effect of seat-leg removal on the accuracy of airflow field prediction 307 
for both the MV and DV systems. As shown in Fig. 6(a), the simulated air velocity under the seat 308 
in the DV system without the seat legs was much higher than the measured velocity, which also 309 
increased the simulated velocity throughout the whole section. Since the diffusers in the DV 310 
system were installed in the lower part of the cabin, the seat legs were important. However, Fig. 311 
6(b) depicts a smaller improvement with the seat legs for the MV system because the seat legs 312 
were in the recirculation zone. Table 2 lists the calculated RMSE values with and without seat 313 
legs. With the seat legs, the simulation accuracy was moderately higher. The results again 314 
demonstrated a more significant improvement with seat legs for the DV system than for the MV 315 
system. The modest improvement came at a price. The simulations with the seat legs used about 316 
one million cells more than the case without seat legs, and the computing time was 20% longer.  317 
 318 

  
(a) (b) 

Fig. 6. Comparison of simulated and measured airflow distribution with and without seat legs in a cross section 319 
of the cabin: (a) for the DV system and (b) for the MV system. 320 
 321 
Table 2 322 
RMSE values for evaluating air velocity, air temperature and particle concentration with and without the 323 
consideration of seat legs for the DV and MV systems 324 
    Air velocity Air temperature Particle concentration 

DV 
With seat legs 0.426  0.079  0.915  
Without seat legs 0.518 0.119  0.931  

MV 
With seat legs 0.455 0.202 0.551 
Without seat legs 0.473 0.223 0.579 
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 325 
3.3. Comparison of different assignment methods of boundary conditions 326 
3.3.1 Inlet boundary condition 327 

Previous comparisons between the numerical and experimental data of the airflow and 328 
contaminant distribution in airplane cabin were unsatisfactory. Proper setting of boundary 329 
conditions helps improving the accuracy of CFD simulations. The previous experimental study 330 
[32,33] provided measurement data for velocity magnitude, velocity direction and turbulence 331 
intensity at seven measuring points for each diffuser in the DV system and the MV system. Since 332 
the uniformity of velocity among diffusers was similar in the two ventilation systems, this study 333 
took the DV system as an example and designed three cases to evaluate the effect of different 334 
assigned velocity boundary conditions on simulation accuracy. In case DV1, the velocity 335 
magnitude, velocity direction and turbulence intensity at each diffuser were the average values 336 
for the seven diffusers on the same side. In case DV2, the velocity boundary conditions for each 337 
diffuser, were the average data for the seven measuring points on that diffuser. In case DV3, 338 
each diffuser was divided into seven parts, and the velocity boundary was specified as the 339 
experimental data at its seven measuring points.  340 

Table 3 lists the RMSE values for evaluating velocity, temperature and particle concentration 341 
in cases DV1, DV2 and DV3.  The boundary conditions assigned to case DV3 was the most 342 
detailed and to case DV1 the simplest. The results show that more detailed assignment of 343 
velocity boundary conditions leads to more accurate modeling of velocity, temperature and 344 
particle concentration. The influence was most obvious in the prediction of the velocity field, and 345 
least obvious for temperature. Assigning the velocity at seven points for each diffuser could 346 
reduce the RMSE by 8.9% for velocity, 4.6% for particle concentration and 0.4% for temperature, 347 
compared to using the average velocity boundary conditions for the seven diffusers. In addition, 348 
the difference between cases DV3 and DV2 was greater than that between cases DV2 and DV1. 349 
The reason was that the standard deviation of the average velocity for the seven diffusers on the 350 
same side was less than that of the velocity for the seven measuring points on each diffuser. 351 
Therefore, it is recommended that the uniformity of the velocity distribution on the diffusers be 352 
taken into account when the inlet velocity boundary conditions are specified in the simulation. 353 
The quantitative comparison in this study shows the effect of different assignments of boundary 354 
condition on the simulation accuracy, which helps CFD engineers to make a balance between 355 
more simple boundary and higher simulation accuracy. 356 
 357 
Table 3 358 
RMSE values for evaluating velocity, temperature and particle concentration in cases with three different 359 
assignments of velocity boundary conditions in the DV system 360 

 Velocity Temperature Concentration 
Case DV1 0.515  0.083  0.961  
Case DV2 0.486  0.082 0.958  
Case DV3 0.426 0.079 0.915  
 361 

3.3.2 Wall temperature boundary condition 362 
Since the heated manikins were the major sources of heat in the aircraft cabin, the surface 363 

temperatures of the manikins may have affected the temperature and airflow fields. The average 364 
temperatures of all the manikins were 30.01 ℃ in the DV system and 30.12 ℃ in the MV system. 365 
The temperatures of the 42 manikins were more uniform in the DV system than in the MV 366 
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system. The difference between the maximum and minimum values was 0.14 ℃ in the DV 367 
system and 1.29 ℃ in the MV system. Since the temperatures of the 42 manikins were nearly the 368 
same in the DV system, the average temperature of 30.01 ℃ was set as the temperature 369 
boundary for all the manikins. For the MV system, this study compared two cases with different 370 
assignments of manikin temperatures. Case MV1 adopted the average temperature of 30.12 ℃, 371 
and case MV2 specified the temperature boundary for each manikin according to the measured 372 
data. 373 

To evaluate the effect of the manikins’ temperature boundary on the predicted airflow, 374 
temperature and particle concentration fields, Table 4 compares the RMSE values calculated for 375 
cases MV1 and MV2. Among the 42 manikins, the standard deviation of surface temperature 376 
was 0.4 ℃, and the difference between the maximum and minimum value was 1.3 ℃. As shown 377 
in Table 4, the RMSE values for case MV2 were 5.1%, 2.5% and 9.8% better than those for case 378 
MV1 for the velocity field, temperature field and particle concentration field, respectively. For 379 
more accurate simulation results, it would be better to assign the surface temperature separately 380 
for each manikin according to the measured data when the surface temperature deviation among 381 
manikins is greater than 1 ℃. 382 
 383 
Table 4 384 
RMSE values for evaluating velocity, temperature and particle concentration in the two cases with different 385 
assignments of manikin surface temperature in the MV system 386 
 Velocity Temperature Concentration 
Case MV1 0.506 0.227 0.649 
Case MV2 0.455 0.202 0.551 
 387 
3.3.3. Outlet boundary condition 388 

In the past, it was usually considered that the distribution of return air flow rate at the exhausts 389 
had little influence on the flow field in an airplane cabin. Few experimental studies reported the 390 
velocity distribution at the exhausts, and current numerical investigations typically set a uniform 391 
outflow in the modeling process. However, in the validation experiments for the DV system in 392 
the present study, the resistance at the seven exhausts varied greatly because filters with different 393 
thicknesses were used to balance the supply air flowrate under the MV system. In the DV system, 394 
8%, 2.5% and 2.5% of the total supply air exited through air leakage at the glass door, the end 395 
door and the side wall, respectively. Table 5 shows the distribution of the remaining 87% of the 396 
airflow through the seven exhausts at different positions. Along the positive direction of the Z 397 
axis, each exhaust was divided into five equal parts that were labeled from No. 1 to No. 5. The 398 
data indicate that the outflow rates at the exhausts near the cabin doors were larger than at the 399 
exhausts in the middle of the cabin. The outflow rate at Exhaust_7 was the highest. This study 400 
compared two cases, with uniform and non-uniform outflow boundary conditions, to 401 
demonstrate the effect of outflow on the airflow distribution inside the aircraft cabin. The 402 
outflow rates at the exhausts were set in accordance with the measured data shown in Table 5 for 403 
the non-uniform case. For the uniform case, 87% of the airflow was uniformly distributed across 404 
the exhausts. The predicted results show that the RMSE values for the non-uniform case were 405 
3.6% and 4.4% better than those for the uniform case for the velocity and particle concentration 406 
fields, respectively. The airflow field in the upper region of the cabin (above 1.3 m) was affected 407 
by the different outlet boundary conditions. The uniform case over-predicted the airflow rates 408 
through the exhausts in the middle of the cabin, leading to over-prediction of the air velocity near 409 
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the exhausts. For more accurate simulation results, it is recommended that the airflow rates at the 410 
exhausts and the air leakage be verified. 411 

 412 
Table 5  413 
Distribution of airflow through different exhausts under the DV system 414 

Exhaust in DV system No. 1 No. 2 No. 3 No. 4 No. 5 
Exhaust_1 2.95% 2.84% 2.79% 2.49% 2.18% 
Exhaust_2 1.60% 1.53% 1.53% 1.23% 0.97% 
Exhaust_3 0.85% 0.89% 0.95% 0.89% 0.83% 
Exhaust_4 0.86% 0.88% 0.90% 0.90% 0.95% 
Exhaust_5 2.08% 1.72% 1.58% 1.37% 1.05% 
Exhaust_6 1.46% 1.37% 1.29% 2.73% 3.13% 
Exhaust_7 7.08% 7.81% 8.43% 8.43% 8.47% 

4. Discussion 415 
This section qualitatively compares the predicted and measured data for the DV and MV 416 

systems. Fig. 7(a) and (b) present the measured and simulated airflow patterns in the DV system 417 
and the MV system, respectively. The air velocity in the cabin under the DV system was quite 418 
low overall, and was generally below 0.1 m/s. Under the MV system, the airflow velocity varied 419 
greatly from one position to another, reaching 0.5 m/s in some locations. Forced convection was 420 
dominant in the MV system, while natural convection was dominant in the DV system. Because 421 
the overall velocity was relatively low, larger instrumental error during the measurement was 422 
unavoidable and led to some deviations between the measured and predicted results. The 423 
simulation of velocity direction was more accurate for the MV system than for the DV system. In 424 
general, the predicted airflow features were similar to the measured results for both ventilation 425 
systems. Under the DV system, the supply air from the diffusers on both sides of the cabin met in 426 
the aisle and then rose upward, driven by thermal buoyancy. The general airflow direction was 427 
upward, and no significant vortices were formed under the DV system. Under the MV system, 428 
the supply air from the right side, left side and ceiling collided in the upper region of the aisle 429 
and then flowed downward to the floor, forming two large vortices on the two sides of the cabin. 430 
In the aisle of the cabin, the measured downward airflow turned slightly to the left and gradually 431 
decreased, while the predicted airflow direction was essentially straight down to the floor. In 432 
addition, the simulated attenuation of the velocity magnitude was not as obvious as in the 433 
measured data. During the measurements, the height of the diffusers may have differed between 434 
the left and right sides, leading to a left-right skewing of the airflow field in the experiment. 435 
However, it would be difficult to establish the deviation in geometric position in complete 436 
accordance with the actual situation in the simulation. Therefore, there was a certain deviation 437 
between the predicted and measured airflow field.  438 

 439 
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(a) (b) 

Fig. 7. Qualitative comparison of velocity field between experimental and simulation results under (a) the DV 440 
system and (b) the MV system  441 
 442 

Fig. 8 compares the measured and predicted temperature field under the DV and MV systems. 443 
Temperature stratification and symmetry can be observed under the DV system. Because there 444 
was no collision of strong airflow in the area above the seats in the DV system, the airflow field 445 
and temperature field were relatively stable. In the MV system, two large eddies on the left and 446 
right sides mixed the airflow and produced a uniform temperature field around the passengers. 447 
The low temperature in the aisle was due to the lower-temperature jet flow from the diffusers on 448 
the ceiling. Because the two vortices constantly collided with and pressed against each other, the 449 
airflow field in the mixed ventilation mode was relatively unstable and asymmetric. The 450 
measured low-temperature jet flow skewed to the right side, while the predicted jet skewed to the 451 
left side, leading to a higher predicted temperature in the vortex on the right side. However, the 452 
overall predicted temperature field agreed well with the experimental results, especially under 453 
the DV system. 454 

 455 

  
(a) (b) 

  
(c) (d) 
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Fig. 8. Qualitative comparison of temperature field between experimental and simulation results: (a) measured 456 
data for DV system, (b) measured data for MV system, (c) predicted data for DV system, and (d) predicted 457 
data for MV system 458 
 459 

Fig. 9 compares the predicted and measured concentration field for particles with diameter of 460 
1 μm under the DV and MV systems. Since the air was flowing from the lower region to the 461 
upper region of the cabin under the DV system, the particles were moving directly with the 462 
airflow from the source to the exhausts. There was little spreading of particles to the breathing 463 
zones of other passengers. The DV system exhibited excellent performance in minimizing the 464 
cross-transmission of airborne particles. Under the MV system, the particles were released from 465 
the source, moved upward with the supply air, merged with the supply air from the ceiling, and 466 
were then carried into the large vortex on the right. The measured aisle airflow skewed to the left 467 
and brought some particles to the left. The particle diffusion range under the MV system was 468 
larger than under the DV system. The predicted diffusion range for the particles was slightly 469 
smaller than the measured results. The airflow was unsteady during the experiments, and the 470 
fluctuation of the air flow augmented the particle diffusion. The movement of the 3D robot and 471 
the measuring instruments could have created certain disturbances in the flow field during the 472 
experiment and thus further diffusion of the particles. In this study, the simulation of particles 473 
was based on the predicted steady-state flow field, leading to insufficient prediction of the 474 
diffusion effect to some extent, especially under the DV system with low air velocity.  475 

 476 

 

  
(a) (b) 

  
(c) (d) 
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Fig. 9. Qualitative comparison of the concentration field for 1 μm particles between experimental and 477 
simulation results: (a) measured data for DV system, (b) measured data for MV system, (c) predicted data for 478 
DV system, and (d) predicted data for MV system 479 
5. Conclusions 480 

The complex geometry and airflow characteristics in airplane cabins pose a challenge to 481 
accurate numerical CFD validation. This study quantitatively evaluated the impact of ventilation 482 
system, turbulence model, particle simulation method, geometry simplification, and boundary 483 
condition assignment on the CFD simulation of airflow and particulate contaminant fields in 484 
airliner cabins under mixing ventilation and displacement ventilation systems. This investigation 485 
led to the following basic conclusions and findings: 486 

  Among four turbulence models, the standard k-ε, RNG k-ε, realizable k-ε and SST k-ω, the 487 
results predicted by the realizable k-ε model agreed most closely with the experimental data. The 488 
steady Eulerian method provided a reasonable prediction of the particle concentration field with 489 
low computing cost. 490 

 Adding the seat legs to the geometric model could obviously improve the simulation accuracy 491 
for the DV system, while it was not recommended for the MV system because of the high 492 
increase of computing cost and little improvement of accuracy. 493 

To improve the simulation accuracy, it is recommended to assign more detailed boundary, 494 
such as inlet velocity, surface temperature of manikins. 495 

The simulation of velocity direction was more accurate under the MV system, and insufficient 496 
prediction of the diffusion effect under the DV system was more obvious. Under the DV system, 497 
there was noticeable temperature stratification; the temperature field was more stable and the 498 
simulation results for temperature were more accurate.   499 

 500 
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Appendix. 585 
Table A1 Coefficients and source terms for the governing equations 586 

  𝜙𝜙 𝛤𝛤𝜙𝜙,𝑒𝑒𝑒𝑒𝑒𝑒 𝑆𝑆𝜙𝜙 Constants 
Reynolds
-averaged 
variables 

Continuity 1 0   
Momentum uj 𝜇𝜇 + 𝜇𝜇𝑡𝑡 −

𝜕𝜕𝑝𝑝
𝜕𝜕𝑥𝑥𝑖𝑖

+
𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�(𝜇𝜇 + 𝜇𝜇𝑡𝑡)
𝜕𝜕𝑢𝑢𝑗𝑗
𝜕𝜕𝑥𝑥𝑖𝑖

� 

 

Temperature T 𝜇𝜇
𝑃𝑃𝑃𝑃

+
𝜇𝜇𝑡𝑡
𝜎𝜎𝑇𝑇

 ST  

Standard k-ε k 𝜇𝜇 +
𝜇𝜇𝑡𝑡
𝜎𝜎𝑘𝑘

 𝐺𝐺𝑘𝑘 + 𝐺𝐺𝑏𝑏 − 𝜌𝜌𝜌𝜌 𝜇𝜇𝑡𝑡 = 𝜌𝜌𝐶𝐶𝜇𝜇
𝑘𝑘2

𝜀𝜀
 , 𝐺𝐺𝐾𝐾 = 𝜇𝜇𝑡𝑡𝑆𝑆2,S = �2𝑆𝑆𝑖𝑖𝑖𝑖𝑆𝑆𝑖𝑖𝑖𝑖, 𝜎𝜎𝜀𝜀 = 1.3,𝐶𝐶𝜇𝜇 = 0.09, 

𝐺𝐺𝑏𝑏 = 𝛽𝛽𝑔𝑔𝑖𝑖
𝜕𝜕𝜇𝜇𝑡𝑡
𝜕𝜕𝜎𝜎𝑇𝑇,𝑡𝑡

𝜕𝜕𝑇𝑇�

𝜕𝜕𝑥𝑥𝑖𝑖
, 𝐶𝐶1,𝜀𝜀 = 1.44, 𝐶𝐶2,𝜀𝜀 = 1.92, 𝜎𝜎𝑘𝑘 = 1.0,  ε 𝜇𝜇 +

𝜇𝜇𝑡𝑡
𝜎𝜎𝜀𝜀

 𝐶𝐶1𝜀𝜀𝐺𝐺𝑘𝑘
𝜀𝜀
𝑘𝑘
− 𝐶𝐶2𝜀𝜀𝜌𝜌

𝜀𝜀2

𝑘𝑘
 

RNG k-ε k 𝜇𝜇 +
𝜇𝜇𝑡𝑡
𝜎𝜎𝑘𝑘

 𝐺𝐺𝑘𝑘 + 𝐺𝐺𝑏𝑏 − 𝜌𝜌𝜌𝜌 𝜇𝜇𝑡𝑡 = 𝜌𝜌𝐶𝐶𝜇𝜇
𝑘𝑘2

𝜀𝜀
 ,𝐺𝐺𝐾𝐾 = 𝜇𝜇𝑡𝑡𝑆𝑆2 , S = �2𝑆𝑆𝑖𝑖𝑖𝑖𝑆𝑆𝑖𝑖𝑖𝑖 𝐺𝐺𝑏𝑏 = 𝛽𝛽𝑔𝑔𝑖𝑖

𝜕𝜕𝜇𝜇𝑡𝑡
𝜕𝜕𝜎𝜎𝑇𝑇,𝑡𝑡

𝜕𝜕𝑇𝑇�

𝜕𝜕𝑥𝑥𝑖𝑖
, 𝑅𝑅𝜀𝜀 =

𝐶𝐶𝜇𝜇𝜌𝜌𝜂𝜂3(1−𝜂𝜂/𝜂𝜂0)
1+𝛽𝛽𝜂𝜂3

𝜀𝜀2

𝑘𝑘
,𝜂𝜂 ≡ 𝑆𝑆𝑆𝑆/𝜀𝜀, 𝜂𝜂0 = 4.38,𝛽𝛽 = 0.012,𝜎𝜎𝑘𝑘 = 1.0,𝜎𝜎𝜀𝜀 = 1.3,𝐶𝐶𝜇𝜇 =

0.0845, 𝐶𝐶1,𝜀𝜀 = 1.42, 𝐶𝐶2,𝜀𝜀 = 1.68 

ε 𝜇𝜇 +
𝜇𝜇𝑡𝑡
𝜎𝜎𝜀𝜀

 𝐶𝐶1𝜀𝜀𝐺𝐺𝑘𝑘
𝜀𝜀
𝑘𝑘
− 𝐶𝐶2𝜀𝜀𝜌𝜌

𝜀𝜀2

𝑘𝑘
− 𝑅𝑅𝜀𝜀 

Realizable k-ε k 𝜇𝜇 +
𝜇𝜇𝑡𝑡
𝜎𝜎𝑘𝑘

 𝐺𝐺𝑘𝑘 + 𝐺𝐺𝑏𝑏 − 𝜌𝜌𝜌𝜌 𝜇𝜇𝑡𝑡 = 𝜌𝜌𝐶𝐶𝜇𝜇
𝑘𝑘2

𝜀𝜀
 ,𝐺𝐺𝑘𝑘 = 𝜇𝜇𝑡𝑡𝑆𝑆2 , 𝑆𝑆 = �2𝑆𝑆𝑖𝑖𝑖𝑖𝑆𝑆𝑖𝑖𝑖𝑖, 𝐺𝐺𝑏𝑏 = 𝛽𝛽𝑔𝑔𝑖𝑖

𝜕𝜕𝜇𝜇𝑡𝑡
𝜕𝜕𝜎𝜎𝑇𝑇,𝑡𝑡

𝜕𝜕𝑇𝑇�

𝜕𝜕𝑥𝑥𝑖𝑖
 , 𝜂𝜂 = 𝑆𝑆𝑆𝑆/𝜀𝜀, 𝐶𝐶1 =

𝑚𝑚𝑚𝑚𝑚𝑚 �0.43, 𝜂𝜂
𝜂𝜂+5

�, 𝐶𝐶2 = 1.9, 𝐶𝐶1,𝜀𝜀 = 1.44, 

𝐶𝐶𝜇𝜇 = 1
𝐴𝐴0+𝐴𝐴𝑠𝑠(𝑘𝑘𝑘𝑘∗/𝜀𝜀) ,𝑈𝑈 ∗≡ �𝑆𝑆𝑖𝑖𝑖𝑖𝑆𝑆𝑖𝑖𝑖𝑖 + 𝛺𝛺�𝑖𝑖𝑖𝑖𝛺𝛺�𝑖𝑖𝑖𝑖, 𝜎𝜎𝑘𝑘 = 1.0, 𝜎𝜎𝜀𝜀 = 1.2,  

ε 𝜇𝜇 +
𝜇𝜇𝑡𝑡
𝜎𝜎𝜀𝜀

 𝜌𝜌𝜌𝜌1𝑆𝑆𝜀𝜀 − 𝜌𝜌𝜌𝜌2
𝜀𝜀2

𝑘𝑘 + √𝜐𝜐𝜐𝜐
 

SST k-ω k 𝜇𝜇 +
𝜇𝜇𝑡𝑡
𝜎𝜎𝑘𝑘

 𝐺𝐺𝑘𝑘 − 𝑌𝑌𝑘𝑘 𝜇𝜇𝑡𝑡 = 𝜌𝜌𝜌𝜌
𝜔𝜔

1
𝑚𝑚𝑚𝑚𝑚𝑚[(1/𝛼𝛼∗),𝑆𝑆𝐹𝐹2/𝑎𝑎1𝜔𝜔],   𝜎𝜎𝑘𝑘 = 1

𝐹𝐹1
𝜎𝜎𝑘𝑘,1

+(1−𝐹𝐹1)
𝜎𝜎𝑘𝑘,2

 , 𝜎𝜎𝜔𝜔 = 1
𝐹𝐹1
𝜎𝜎𝜔𝜔,1

+(1−𝐹𝐹1)
𝜎𝜎𝜔𝜔,2

 , 𝐺𝐺𝑘𝑘 =

𝜇𝜇𝑡𝑡𝑆𝑆2, 𝐺𝐺𝜔𝜔 = 𝛼𝛼
𝜈𝜈𝑡𝑡
𝐺𝐺�𝑘𝑘 , 𝐺𝐺�𝑘𝑘 = 𝑚𝑚𝑚𝑚𝑚𝑚(𝐺𝐺𝑘𝑘 , 10𝜌𝜌𝛽𝛽∗𝑘𝑘𝑘𝑘) , 𝑌𝑌𝑘𝑘 = 𝜌𝜌𝛽𝛽∗𝑘𝑘𝑘𝑘 , 𝑌𝑌𝜔𝜔 = 𝜌𝜌𝜌𝜌𝜔𝜔2 , 

𝜎𝜎𝑘𝑘,1 = 1.176, 𝜎𝜎𝜔𝜔,1 = 2.0, 𝜎𝜎𝑘𝑘,2 = 1.0, 𝜎𝜎𝜔𝜔,2 = 1.168, 𝑎𝑎1 = 0.31 

ω 𝜇𝜇 +
𝜇𝜇𝑡𝑡
𝜎𝜎𝜔𝜔

 𝐺𝐺𝜔𝜔 − 𝑌𝑌𝜔𝜔 
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