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Abstract 

Ventilation systems for commercial airliner cabins are important in reducing contaminant 
transport and maintaining thermal comfort. To evaluate the performance of a personalized 
displacement ventilation system, a conventional displacement ventilation system, and a 
mixing ventilation system, this study first used the Wells-Riley equation integrated with CFD 
to obtain the SARS quanta value based on a specific SARS outbreak on a flight. This 
investigation then compared the three ventilation systems in a seven-row section of a fully 
occupied, economy-class cabin in Boeing 737 and Boeing 767 airplanes. The SARS quanta 
generation rate obtained for the index patient could be used in future studies. For all the 
assumed source locations, the passengers’ infection risk by air in the two planes was the 
highest with the mixing ventilation system, while the conventional displacement ventilation 
system produced the lowest risk. The personalized ventilation system performed the best in 
maintaining cabin thermal comfort and can also reduce the infection risk. This system is 
recommended for airplane cabins. 

Keywords: Computational fluid dynamics (CFD); Personalized ventilation; Displacement 
ventilation; Mixing ventilation; Infectious disease transmission; Thermal comfort. 

Practical Implication: 

Air distribution plays a critical role in creating a healthy and thermally comfortable 
environment in airplane cabins. This investigation evaluated the performance of three 
ventilation systems in terms of SARS infection risk by air and thermal comfort in a single-
aisle commercial airliner and a twin-aisle airliner. The three systems were mixing ventilation, 
conventional displacement ventilation, and personalized displacement ventilation. The results 
could be used in the design of air distribution systems for a better cabin environment.  

You, R., Lin, C.-H., Wei, D., and Chen, Q. 2019. “Evaluating the commercial airliner 
cabin environment with different air distribution systems,” Indoor Air, 29:840–853. 
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1. Introduction 
 
The transmission of airborne infectious diseases, including influenza1, tuberculosis2, and 
severe acute respiratory syndrome (SARS)3, has been observed in commercial airliners. As 
the number of air passengers4 increases, attention has been drawn to creating a cleaner and 
healthier cabin environment. Air distribution is critical in controlling contaminant transport5-8 
and maintaining thermal comfort9-12 in aircraft cabins. Therefore, it is necessary to investigate 
the use of different air distribution systems to improve the cabin environment.  
 
Currently, mixing ventilation systems are prevalently installed in commercial airliners to 
provide an acceptable cabin environment. A mixing ventilation system supplies clean air 
through diffusers in the ceiling and/or at shoulder level, and extracts the cabin air through 
exhaust slots in the side walls near the floor. In most commercial airliner cabins, a system of 
gaspers is also installed to provide supplementary personalized ventilation. The gaspers are 
small circular vents above the seats, one for each passenger. They provide clean air as an 
additional means of regulating thermal comfort and are adjustable for both flow rate and 
direction.  
 
For investigation of the air distribution in aircraft cabins, laboratory tests have been carried 
out in small cabin mockups to characterize the jets along the diffusers13, the main flow in the 
cabin14-16, thermal plumes from heated manikins17, and gasper-induced flow18-21. At the same 
time, efforts have been made to evaluate contaminant transport in cabins. For instance, Zhang 
et al.22 measured the air velocity, temperature, and gaseous and particulate contaminant 
concentrations in a section of a half-occupied, twin-aisle cabin mockup with a mixing 
ventilation system. They found that contaminant concentration in the four-row cabin was 
fairly uniform, indicating that mixing ventilation was not efficient in controlling contaminant 
transport. Li et al.23 measured the distributions of air velocity, temperature, and contaminant 
concentration by using the tracer gas SF6 in a five-row section of the economy cabin of an 
MD-82 airplane with the gaspers turned on. The results showed that even though the gasper 
system had an impact on the air velocity and contaminant transport in the cabin, it might not 
improve cabin air quality. The above experimental studies have indicated that the current air 
distribution systems in airliner cabins are not efficient in controlling the transport of airborne 
infectious diseases.  
 
In addition to experimental studies, computational fluid dynamics (CFD) has been used 
extensively in the cabin environment, to design and optimize air supply 24-28, predict transient 
particle transport29-31, evaluate airborne infectious diseases risks32-34, and identify source 
location35,36. For example, Qian et al.32 combined the CFD simulations and Wells-Riley 
equation to evaluate the spatial distribution of infection risk of SARS transmission in a 
hospital ward. Yan et al.33 used a Lagrangian-based Wells-Riley approach to evaluate the 
airborne disease infection risks in an airliner cabin. Studies have also focused on the 
performance of existing air distributions in contaminant control in commercial airliners. For 
instance, Zhang and Chen37 calculated the distributions of the air velocity, air temperature, 
and CO2 concentration in a section of a Boeing 767 aircraft cabin with a mixing ventilation 
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system. They found that the system could spread infectious diseases, since the CO2 
concentration distribution was fairly uniform. You et al.38,39 developed a simplified gasper 
geometry and a consolidated turbulence model for use in a CFD software program to predict 
the airflow and contaminant transport in an airliner cabin with gaspers. The CFD program 
was used to investigate the impact of gaspers on cabin air quality in the economy-class cabin 
of Boeing 767 and Boeing 737 airplanes. The results showed that, even though the gaspers 
provided clean air, the statistical impact of the gaspers on passengers’ exposure to 
contaminants was neutral.  
 
To effectively control airborne contaminant transport in an aircraft cabin, new ventilation 
systems should be developed. Bosbach et al.40 compared the air velocity and temperature 
distributions in an A320 cabin with mixing ventilation and conventional displacement 
ventilation during flight tests. They found that the mixing ventilation system had a low heat-
removal efficiency, indicating that the system might not be efficient in controlling 
contaminant transport if contaminant sources were associated with heat sources. Schmidt et 
al.41 and Müller et al.42 compared mixing and conventional displacement ventilation systems 
in a section of an A320 cabin mockup. Schmidt et al.41 found that the displacement 
ventilation system produced “hot heads,” while the mixing ventilation system presented a 
higher draft risk. On the other hand, Müller et al.42 suggested that the displacement 
ventilation system could maintain an acceptable cabin thermal environment as long as the 
temperature difference between the head and feet was sufficiently small. To improve the 
contaminant transport efficiency while maintaining thermal comfort in a cabin, we43 
previously proposed a personalized displacement ventilation system. In this system, 
individual diffusers were installed in the floor under the seat to supply fresh air directly to 
passengers in the row behind, and the cabin air was exhausted at ceiling level. We measured 
the air and temperature distributions in a seven-row cabin mockup with the personalized 
displacement ventilation system, and found that the system provided acceptable air 
distributions. We then used CFD to assess the system in terms of contaminant removal 
efficiency in a one-row cabin. However, the removal efficiency might not fully characterize 
the longitudinal contaminant transport, and thus further efforts should be made to 
systematically investigate the contaminant transport between rows in an aircraft cabin when 
the proposed ventilation system is used.  
 
To evaluate the performance of mixing ventilation, conventional displacement ventilation, 
and personalized displacement ventilation systems, this study first used the Wells-Riley 
equation integrated with CFD to obtain the SARS quanta value based on an outbreak on a 
flight from Hong Kong to Beijing during the 2003 SARS epidemic. This investigation then 
calculated the SARS infection risk by air and risk of draft in a seven-row section of the fully 
occupied, economy-class cabin of two commercial airplanes, Boeing 737 and Boeing 767, 
with the three ventilation systems. The results were then used to evaluate the performance of 
the systems in controlling contaminant transport and maintaining cabin thermal comfort.  
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2 Method 
 
In the literature review above, we also found that experimental investigation of airflow and 
contaminant transport in an airliner cabin is expensive and time consuming, and the reported 
measurements are not free from errors. Our earlier investigations26,44 compared CFD results 
with experimental data in various air distribution studies in airliner cabins. We concluded that 
CFD can provide informative results with acceptable accuracy. Thus, the present 
investigation has used CFD, and this section details the CFD method and other models that 
were needed. 
 
2.1 Airflow, turbulence, and contaminant model 
 
For numerical determination of the air and contaminant distributions in aircraft cabins, it is 
important to choose an accurate turbulence model. Among all Reynolds-averaged Navier-
Stokes (RANS) models, the RNG k-ε model is the most robust in simulating the bulk-airflow 
regions for enclosed environments44-47, and the SST k-ω model is superior in the near-wall 
regions44. To take advantage of both models, we44 proposed a hybrid model that activates the 
standard k-ω model in the near-wall region and a transformed RNG k-ε model in the bulk-
airflow region. The hybrid model uses a blending function to gradually transition between the 
two models. Considering its advantage in predicting both the bulk-airflow and near-wall 
regions, the hybrid SST k-ω and RNG k-ε turbulence model was used in this investigation to 
evaluate the ventilation systems.  
 
 
To simulate the contaminant transport in an aircraft cabin, this study used the Eulerian 
method48:  
 

 i
i j j

U S
t x x x 

    
          

                                                                                     (1) 

 
where ϕ is contaminant concentration, t is time, xi is coordinate, ρ is air density, Ui is air 
velocity, Γϕ the diffusion coefficient, and Sϕ the mass flow rate of source per unit volume. A 
detailed description of all terms can be found in ANSYS49. The turbulent Schmidt number 
was set at 150.  
 
The hybrid turbulence model and the Eulerian model have been validated by experimental 
data in our previous study43. We manufactured an innovative personalized displacement 
ventilation system and installed it in a fully occupied, full-scale, single-aisle, cabin mockup. 
The cabin had seven rows, each with six seats. Heated manikins were used to simulate 
passengers inside the cabin. The boundary conditions were carefully measured. A constant-
injection SF6 tracer-gas technique was used to measure the flow rate for each diffuser, while 
an infrared camera was used to measure the surface temperature distribution of the manikins. 
We used a Particle image velocimetry (PIV) system to obtain the airflow distribution with a 
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high-resolution in a measuring area of 115 cm wide and 80 cm high. Ultrasonic anemometers 
were used to further measure the 3D air velocities at 197 sampling points. The air 
temperature distribution was measured by thermocouples with 426 sampling points. The 
mixture of 1% SF6 and 99% N2 as a tracer gas was injected at the mouth of the manikin 
seated at 4D and the SF6 concentration was sampled in front of each passenger and in the 
middle of the cabin with a total of 41 sampling points using a photoacoustic gas analyzer 
(INNOVA model 1314). The hybrid turbulence model and Eulerian method were then used to 
calculate the validation case using the measured boundary conditions. The calculated airflow, 
temperature, and contaminant distributions were compared with the measured data. The 
comparison showed that the model was capable of predicting the general trends of the 
distribution. The detailed information about the validation can be found in You et al.43. 
 
2.2 Risk assessment 
On the basis of the Wells-Riley equation and the calculated contaminant concentration in 
each passenger’s breathing zone, a passenger’s infection risk can be estimated as:                        
                                                                       

,1 exp( )i q iP C pt                                                                                                                    (2) 

 
where Pi is the infection risk for the passenger, Cq,i the contaminant concentration in the 
passenger’s breathing zone, p the passenger’s breathing flow rate, and t the flight duration. 
Note that the index passenger was assumed to exhale virus continuously during the flight, and 
the source is set to the quanta of the disease in the CFD calculation. 
 
To determine the SARS quanta value, this study first analyzed a SARS transmission case on a 
three-hour flight from Hong Kong to Beijing on March 15, 20033. As shown in Figure 1, the 
index passenger was in seat 14E in the economy cabin of a Boeing 737 airplane. This 
investigation focused on the SARS transmission due to airborne transport, and a seven-row 
section of the cabin, from row 11 to row 17, was considered. The total number of infected 
passengers in the seven-row section was 11, and the overall infection risk was 11/41. Detailed 
information about this case can be found in Olsen et al.3 
 

 

Figure 1. Schematic diagram of a section of the Boeing 737 on a flight from Hong Kong to 
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Beijing (redrawn from Figure 2 in Olsen et al.3).  
 
This study then modeled the contaminant transport in a seven-row section of the fully-
occupied, economy cabin of the Boeing 737 to revisit this case. The breathing flow rate of 
each passenger was set at 0.00053 m3/s 51.  The source was at the mouth of the passenger in 
4E, and the SARS quanta number was obtained by means of the CFD-integrated Wells-Riley 
equation. With the overall infection risk set at 11/41 and the flight duration at three hours, the 
SARS quanta number was back-calculated to be 100.8/h. Note that this investigation assumed 
the airborne route was solely responsible for the SARS infection in the seven-row section of 
cabin. Thus, this quanta rate was obtained only for the convenience of the cabin section, 
which might not represent the realistic condition. The obtained value was then used in the 
following calculations.  
 

 
2.3 Risk of Draft 
 
To evaluate thermal comfort in an enclosed environment, one would normally use the 
predicted mean vote (PMV). One could achieve a low PMV value by adjusting the air supply 
temperature, and thus PMV may not be a meaningful parameter in evaluating different air 
distribution systems. In the present study, the air supply locations were close to the 
passengers’ feet, which could lead to draft. Therefore, this study focused on the risk of draft 
and used the predicted percentage of dissatisfied caused by draft (PD) developed by Fanger et 
al.52 as a thermal comfort criterion:  
 

0.6223 0.62233.143(34 )( 0.05) 0.3696 (34 )( 0.05)a aPD t v vTu t v                                       (3) 

 
where ta is the air temperature, v̅ the mean air velocity, and Tu the turbulence intensity. 
According to ASHRAE standards53, PD should be less than 15%.  
 
All of the simulations were run under a steady-state condition using the commercial CFD 
software ANSYS Fluent. User defined functions (UDF) were used to implement the hybrid 
turbulence model, Eulerian contaminant transport model, Wells-Riley equation, and PD 
distribution equation. 
 
3. Case Setup 
  
To evaluate the ventilation systems’ effectiveness in controlling contaminant transport and 
maintaining thermal comfort in commercial airliners, we calculated the air distribution, 
contaminant transport, risk of infection by SARS, and distribution of PD in the economy-
class cabins of two popular airplanes, Boeing 737 and Boeing 767, for each of the three 
systems. 
 
Figure 2 is a schematic of a seven-row section of the fully occupied economy cabin of the 
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Boeing 737. The ventilation rate and supply air temperature were set at the same values for 
all three ventilation systems. The mixing ventilation system had two linear air-supply 
diffusers with a width of 4 mm in the center of the ceiling, labelled as ①, and one diffuser 
with a width of 20 mm in each wall at shoulder level, shown as ②. The exhausts with a 
width of 34 mm ③ were located in the lower part of the two side walls near the floor. The 
personalized displacement ventilation system consisted of individual diffusers uniformly 
distributed along the floor, one for each passenger, labelled as ④, and ① was utilized as the 
exhaust. The personalized diffuser opening, with a height and width of the 300 and 80 mm, 
respectively, was installed under the seat in front of the corresponding passenger. The diffuser 
grille was designed to direct the flow toward the breathing zone of the passenger. In real 
applications, the supply air diffusers of the personalized ventilation system can be installed in 
front of the electrical boxes underneath the seats. Such an installation arrangement can 
minimize the influence on the passengers’ leg room. The conventional displacement 
ventilation system supplied air through ③, two linear diffusers in the lower side walls, and 
returned air through the slots in the ceiling, ①. To study the impact of the contaminant’s 
source on its transport, this investigation assumed three source locations at mouth level of the 
passengers seated at 4D, 4E, and 4F for all three systems. The flight duration was assumed to 
be two hours.  

(a)  
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(b)  

Figure 2. (a) Schematic of a seven-row section of the fully-occupied economy cabin of a 
Boeing 737 and (b) Cross-sectional view.  
 

For the Boeing 737 cases, the ventilation rate was set at 0.33 m3/s for this seven-row section. 
The supply air velocity from the diffuser ①, ②,	 ③, and ④ was 2.36, 2.43, 0.91, and 0.57 
m/s, respectively. The corresponding Reynolds number was 623, 3206, 2041, and 3008, 
respectively, with the width of opening as the length scale. The supply air temperature was set 
at 19.3oC. For the mixing ventilation, the surface temperatures of the cabin side walls, 
passengers, ceiling, and floor were set at 24.5, 31, 23.8, and 25oC, respectively. For the 
personalized and conventional displacement systems, the surface temperatures of the ceiling 
and floor were reversed, since the cold air was supplied from the floor. The turbulence 
intensity at the diffusers was assumed to be 10%, and the turbulence length scale was set as 
the width of the opening. Contaminants were released from the breathing zone of the index 
passenger with a zero initial velocity, which corresponded to a breathing case54. The 
breathing zone was defined as a virtual box of 30 × 30 × 30 cm3 in front of the mouth55. The 
grid number for the mixing, traditional displacement, and personalized displacement 
ventilation case was 3.5 million, 3.5 million, and 4.0 million, respectively. The averaged y+ 
values ranged from 8.2 to 16.2, which were sufficiently fine to correctly predict the 
convective heat transfer as demonstrated in our previous study43. This study employed the 
SIMPLE algorithm for coupling pressure and velocity, the PRESTO! scheme for discretizing 
pressure, and the second-order upwind scheme for all the other variables.  
 

In addition to the Boeing 737, this investigation used a twin-aisle Boeing 767 cabin. Figure 3 
is a schematic of a seven-row section of the fully-occupied economy cabin of the Boeing 767. 
The ventilation rate was set at 0.45 m3/s for the seven-row section. As in the previous aircraft, 
the mixing ventilation system supplied air through two linear diffusers with a width of 14 mm 
in the center of the ceiling, ①. Air was extracted through exhaust slots, ②, with a width of 
34 mm in the side walls near the floor. The personalized and conventional displacement 
ventilation systems incorporated two slots in the center of the ceiling, ①, as exhausts. The 
personalized displacement ventilation system had individual diffusers ③ under the seats, one 
in front of each passenger, while the conventional displacement ventilation system included 
two linear diffusers, ②, on the lower side walls. The ventilation rate was set at 0.45 m3/s for 
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this seven-row section for all three systems. The supply air velocity from the diffuser ①, ②, 
and	 ③ was 2.88, 1.04, and 0.60 m/s, respectively. The corresponding Reynolds number was 
2660, 2332, and 3166, respectively. The sources were assumed to be at mouth level of the 
passengers seated at 4D, 4E, 4F, and 4G. The flight duration was assumed to be five hours. 
The other setup was the same as that in the Boeing 737 cases. The grid number for the mixing, 
traditional displacement, and personalized displacement ventilation case was set at 3.3, 3.3, 
and 4.1 million, respectively. The averaged y+ values ranged from 8.6 to 19.6. 
 

(a)  

(b)  

Figure 3. (a) Schematic of a seven-row section of the fully-occupied, economy cabin of the 
Boeing 767 and (b) cross-sectional view.  
 
4. Results 
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4.1 SARS Infection Risk 
 
To evaluate the effectiveness of the three ventilation systems in controlling cabin contaminant 
transport, this section compares the SARS infection risk distribution in the seven-row section 
of the cabin mockup when the source is located at different seats. 
 
4.1.1 Boeing 737 
Figure 4 displays the cross-sectional air distribution of the Boeing 737 with the mixing 
ventilation, conventional displacement ventilation, and personalized displacement ventilation 
systems. The black arrows represent the calculated airflow field. The redlines illustrate the 
general air structure in the cabins, and indicate the possible paths of the pathogens when 
exhaled. Since the air distributions were almost symmetric, this sub-section takes the left-
hand side of the cabin as an example. In the case of mixing ventilation, the air jet from the 
diffuser on the upper side of the wall created a large clockwise air circulation. The air from 
the window seat rose into the upper zone of the aisle and then descended toward the exhaust. 
For the conventional displacement ventilation, the air from the diffuser in the lower side of 
the wall first moved horizontally under the seats to the aisle. The air then moved above the 
seats, travelled to the left, and ascended further to the exhaust in the ceiling. For the 
personalized displacement ventilation, the air was supplied through the individual diffusers 
under the seats front of the passengers. Since there were multiple supply air jets, the air 
distribution above the seats was fairly complex with several small vortices. However, the air 
pattern above the aisle seat was relatively simple. The upper portion of the air ascended to the 
exhaust in the ceiling, while the lower portion descended to the zone under the seats. The air 
distributions shown in Figure 4 will be used in the following sub-sections to interpret the 
results of the SARS infection risk distributions.  
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Figure 4. Cross-sectional air distribution in the seven-row section of the Boeing 737 with (a) 
mixing ventilation, (b) conventional displacement ventilation, and (c) personalized 
displacement ventilation. 
 
Figure 5 shows the distributions of SARS infection risk with the three different ventilation 
systems when the index passenger was in seat 4D. In the case of mixing ventilation, the 
SARS infection risk levels for the passengers in seats 4E and 4F were extremely high (both 
higher than 0.93). This occurred primarily because the large air circulation transported the 
exhaled contaminants directly to the window and middle seats. Meanwhile, the two 
displacement ventilation systems better controlled the infection risks at these two seats. 
Displacement ventilation was more effective here because the majority of the exhaled 
contaminants were transported with the upward air directly to the exhaust. Furthermore, for 
mixing ventilation, a considerable amount of the exhaled contaminants was transported into 
the aisle and dispersed toward the right-hand side of the cabin. Therefore, the infection risk 
on the right side of the cabin could be as high as 0.5 for mixing ventilation, whereas that for 
the two displacement ventilation systems was below 0.3. The average SARS infection risk 
levels among all the passengers were 0.23, 0.09, and 0.15, respectively, for the mixing 
ventilation, conventional displacement ventilation, and personalized displacement ventilation 
systems. 
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Figure 5. Distributions of SARS infection risk in the seven-row section of the Boeing 737 for 
a source at aisle seat 4D with (a) mixing ventilation, (b) conventional displacement 
ventilation, and (c) personalized displacement ventilation. 
 
Figure 6 displays the results when the index passenger was in seat 4E. For mixing ventilation, 
the SARS infection risk levels for the neighboring passengers in seats 4D and 4F were 0.96 
and 0.80, respectively, because of the large clockwise air circulation. For the conventional 
displacement ventilation, the majority of the exhaled contaminants moved directly toward the 
exhaust in the ceiling. Thus, the infection risk levels for the neighboring passengers were 
relatively low. For the personalized displacement ventilation, the source was located in the 
zone where the air distribution was complex with several small vortices. Contaminant 
dispersion was caused mainly by turbulence diffusion and was thus less directional. Therefore, 
the neighboring passengers were exposed to a large amount of the exhaled contaminants. The 
average SARS infection risk levels among all the passengers were 0.22, 0.07, and 0.14, 
respectively, for the three ventilation systems.   
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Figure 6. Distributions of SARS infection risk in the seven-row section of the Boeing 737 for 
a source at middle seat 4E with (a) mixing ventilation, (b) conventional displacement 
ventilation, and (c) personalized displacement ventilation. 
 
Figure 7 shows the results when the index passenger was in seat 4F. For mixing ventilation, 
the SARS infection risk levels for the neighboring passengers were much lower than in the 
previous two cases. This difference occurred because the exhaled contaminants were 
transported upward along the wall to the aisle, without directly entering the breathing zones 
of the neighboring passengers. For the conventional displacement ventilation, the neighboring 
passengers were also at low risk. Interestingly, the passengers in the back seats were at high 
risk, mainly because of the backward airflow from the breathing zone at seat 4F. For the 
personalized displacement ventilation, the neighboring passengers were also at high risk. The 
average SARS infection risk levels among all the passengers were 0.20, 0.12, and 0.12, 
respectively, for the three systems.  
 

 

Figure 7. Distributions of SARS infection risk in the seven-row section of the Boeing 737 for 
a source at window seat 4F with (a) mixing ventilation, (b) conventional displacement 
ventilation, and (c) personalized displacement ventilation.  
 
In all the above cases, there were 41 (number of passengers with the exception of the source) 
× 3 (source locations) = 123 data points for SARS infection risk for each ventilation system. 
This investigation calculated and compared the average SARS infection risk among the 123 
data points for the three ventilation systems. As listed in Table 1, compared with the mixing 
ventilation (0.21), the personalized ventilation (0.14) reduced the overall infection risk by 33% 
during the two-hour flight. Thus, the number of infected passengers would decrease from 8.6 
to 5.7. However, compared with the conventional displacement ventilation (0.09), the 
personalized displacement ventilation would slightly increase the number of passengers 
infected with SARS. Therefore, the conventional displacement ventilation system exhibited 
the best performance, followed by the personalized displacement ventilation system. The 
mixing ventilation system had the worst performance. 
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Table 1. Average SARS infection risk in the Boeing 737 for the three ventilation systems. 

 
Mixing 

ventilation 
Conventional 

displacement ventilation 
Personalized 

displacement ventilation 
Average SARS 
infection risk 

0.21 0.09 0.14 

 
4.1.2 Boeing 767 
Figure 8 shows the cross-sectional air distribution in the Boeing 767 aircraft with the three 
ventilation systems. For mixing ventilation, the air above the middle seats moved upward and 
then toward the left wall, forming a large counter-clockwise air circulation. Furthermore, 
there was another relatively small counter-clockwise vortex above the side seats. The 
conventional displacement ventilation created a more complex air distribution than the 
mixing ventilation. In general, the air above the middle seats moved to the left side and then 
travelled upward along the wall to the exhaust in the ceiling. For the personalized 
displacement ventilation, most of the air above the seats moved upward to the exhaust in the 
ceiling, but, horizontal air movement still occurred.  
 

  
Figure 8. Cross-sectional air distribution in the seven-row section of the Boeing 767 with (a) 
mixing ventilation, (b) conventional displacement ventilation, and (c) personalized 
displacement ventilation. 
 
Figures 9 compares the SARS infection risk distribution in the seven-row section of the 
Boeing 767 with the three ventilation systems when the source was at the middle seat (4D), 
middle-aisle seat (4E), side-aisle seat (4F), and window seat (4G). The dispersion of the 
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exhaled contaminants mainly followed the air distribution shown in Figure 8 and resulted in 
the corresponding infection risk distributions. To keep this paper concise, we have not 
elaborated here on the detailed contaminant transport patterns for each case. The highest 
infection risk levels in each case were caused primarily by the movement of air directly from 
the source to the breathing zone of the particular passenger(s). As in the Boeing 737, the 
contaminant dispersion under the mixing ventilation was stronger than under the 
conventional displacement or personalized displacement ventilation. Both the conventional 
and personalized displacement ventilation systems more effectively limited the influence of 
exhaled contaminants on the neighboring passengers and the other side of the cabin. As listed 
in Table 2, the average SARS infection risk levels for the mixing, conventional displacement, 
and personalized displacement ventilation systems were 0.37, 0.12, and 0.16, respectively. 
The conclusion for the Boeing 767 aircraft was consistent with that for the Boeing 737.  
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Figure 9. Distributions of SARS infection risk in the seven-row section of the Boeing 767 
with the three ventilation systems when the source was at (a) middle seat 4D, (b) middle-aisle 
seat 4E, (c) side-aisle seat 4F, and (d) window seat 4G.  
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Table 2. Average SARS infection risk in the Boeing 767 for the three ventilation systems. 

 
Mixing 

ventilation 
Conventional 

displacement ventilation 
Personalized 

displacement ventilation 
Average SARS 
infection risk 

0.37 0.12 0.16 

 
  
4.2 Risk of draft 
 
This study calculated the PD distribution on the virtual surface zone 0.1 m away from each 
passenger for the mixing, conventional displacement, and personalized displacement 
ventilation systems, as shown in Figure 10. This virtual surface was selected to represent the 
personal microenvironment as recommended by Liu et al.26. Note that only the results for row 
4 are shown in the figure, as the PD distributions were similar among different rows. For the 
mixing ventilation system, the highest PD among the passengers was 32%, was seen at the 
feet of the passengers in the window seats. This occurred because the passengers’ feet were 
close to the cabin exhausts, and the air velocity near the exhausts was high. For the 
conventional displacement ventilation system, the highest PD, 43%, was observed in the foot 
area of the passengers in the window seats. This occurred because the air was supplied in the 
lower part of the cabin, flowing directly to the feet of the passengers in the window seats. For 
the personalized displacement ventilation system, the highest PD among the passengers was 
31%, in the leg area of the passengers in the middle and aisle seats. This occurred because the 
individual diffusers near the passengers’ feet supplied air obliquely backward, resulting in 
high air velocity near their legs. From the perspective of highest PD, the performance of the 
conventional displacement ventilation system was the worst, and the mixing and personalized 
displacement ventilation systems were comparable.  
 

 

(a)                                                                                    (b)  
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(c) 

Figure 10. The PD distributions around the passengers in row 4 in the seven-row section of 
the Boeing 737 with (a) mixing ventilation, (b) conventional displacement ventilation, and (c) 
the personalized displacement ventilation system.  
 
Note that the PD distribution was not necessarily uniform on the virtual surface for a 
particular passenger. In other words, a passenger might feel discomfort due to the draft only 
at certain areas of the body, such as the feet or shoulders. According to the ASHRAE 
standards, PD greater than 15% is considered discomfort. Therefore, this study further 
calculated the percentage of the area on the virtual surface with PD greater than 15%, 
Pdiscomfort, for each passenger by: 
 

_

( 15%)
100%


 discomfort

virtual total

A PD
P

A
                                                                                            (4) 

 
where A(PD > 15%) is the area on the virtual surface with PD greater than 15% and 
Avirtual_total is the total area of the virtual surface 0.1 m away from the passenger.  
 
For the mixing ventilation system, the average Pdiscomfort among all the passengers was 10.1%. 
The draft was due to the large vortex that formed on each side of the cabin in the occupied 
zone56. For the conventional displacement system, the average Pdiscomfort was clearly smaller, 
only 6.5%. The reason for the difference was that the air velocities were relatively low, as 
shown in Figure 4. For the personalized displacement system, the average Pdiscomfort was 5.4%, 
the lowest among the systems. From the perspective of average Pdiscomfort, the personalized 
displacement ventilation system had the best performance, while the worst case was the 
mixing ventilation system. In summary, when both the highest PD and the average Pdiscomfort 
are taken into consideration, the personalized displacement ventilation system provided the 
best thermal comfort among the three systems.   
 
Figure 11 shows the results for the Boeing 767. The highest PD values among passengers in 
the cabin with the mixing, conventional displacement, and personalized displacement 
ventilation system were 29%, 39%, and 28%, respectively, which were similar to the results 
for the Boeing 737. In addition, the average Pdiscomfort among passengers in the cabin with the 
mixing ventilation system (12.3%) was significantly larger than with the other two systems. 
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The average Pdiscomfort values were 9.8% and 5.4%, respectively, for the conventional and the 
personalized displacement ventilation systems. Therefore, for both aircraft, the personalized 
ventilation system provided the highest level of thermal comfort in the cabin, while the 
mixing ventilation system provided the lowest comfort level.  

 

 
(a) 

 
(b) 

 
(c) 

Figure 11. The PD distributions around the passengers in row 4 in the seven-row section of 
the Boeing 767 with (a) the mixing ventilation system, (b) the conventional displacement 
ventilation systems, and (c) the personalized displacement ventilation system. 
  
5. Discussion 
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This study employed the Wells-Riley method to evaluate the SARS infection risk. Dose-
response models are more biologically plausible, since they are based on experimental 
infectious dose data57. However, apart from indirect studies58 on infectivity of SRAS viruses, 
direct infectious dose data is not available for SARS because of its lethality. Moreover, this 
investigation aimed to compare the performance of three different air distribution systems. 
The Wells-Riley method provided a quick and simple assessment within the scope of the 
study. Other diseases could be investigated using dose-response models in future studies.  
 
Supply air distribution was assumed to be uniform, and a standard manikin was used to 
represent passengers. The airflow boundary conditions would be very complex in a real, 
operating airplane cabin59, and passengers could have different body sizes, poses, and 
metabolic rates. Thus, there may be discrepancies between the CFD results and real-life 
conditions. The purpose of this study was to design and evaluate the cabin environment, and 
the use of design conditions was adequate.  
 
There are several future research directions. First, Although the transmission of SARS viruses 
was proven to be airborne in or between buildings60, the airborne transmission of SARS in 
aircraft cabins is an assumption. For instance, Lei et al.61 suggested that the fomite might also 
be responsible for the transmission of SARS. Even for other infectious diseases, the 
transmission can also occur through indirect contact. For example, the surfaces in the cabin 
can become contaminated by the deposition of airborne pathogens or physical touch by the 
index passenger62. If other passengers touched the contaminated surfaces62, or the deposited 
pathogens resuspended in the air63 and were inhaled by the other passengers, infections could 
also occur. These transmission routes and mechanisms in the cabin merit further investigation. 
Furthermore, this study assumed that all the gaspers were turned off. In practice, passengers 
may turn on the gaspers for individual thermal regulation. According to one of our previous 
studies, gasper-induced airflow has mixed effects on cabin air quality in airplanes with 
mixing ventilation38.  The ways in which gaspers might influence the transmission of airborne 
infectious diseases in aircraft cabins with conventional and personalized ventilation are still 
unclear. The impact of gaspers deserves in-depth exploration in future studies. In addition, it 
is possible to develop a hybrid system which combines both the personalized displacement 
air diffusers and the overhead mixing diffusers in order to reduce the draft risk near the legs 
by supplying smaller amount of local air. This type of hybrid system also requires detailed 
airflow and contaminant transport analysis using the proposed approach.   
 
6. Conclusions 
 
This investigation aimed to evaluate the effectiveness of three different ventilation systems in 
controlling contaminant transport and maintaining cabin thermal comfort. This study first 
used the Wells-Riley equation integrated with CFD to obtain the SARS quanta value based on 
a SARS outbreak on a flight from Hong Kong to Beijing during the 2003 SARS epidemic. 
The investigation then assessed the performance of the three systems in a seven-row section 
of the fully occupied, economy-class cabin of a Boeing 737 airplane and a Boeing 767. 
Within the scope of this study, the following conclusions can be made: 
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(1) For all the assumed source locations in both airplanes, the passengers’ infection risk by air 
was the highest with the mixing ventilation system. The conventional displacement 
ventilation system produced the lowest infection risk.  
(2) The personalized ventilation system performed the best in maintaining thermal comfort in 
the cabin and can also reduce the infection risk by air. This system is recommended for 
airplane cabins. 
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