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Abstract 
Ventilation is a major means to remove volatile organic 
compounds (VOCs). Currently both an upside-supply and 
floor-exhaust (UF) system and an upside-supply and 
downside-exhaust (UD) system are used in airplane 
painting hangars. However, these two conventional 
systems have low ventilation efficiency. To improve the 
VOC removal efficiency, this study proposed a novel 
upside-supply and multiple air-exhaust (UM) system. The 
new system delivers conditioned air through ceiling inlets, 
as do the UF and UD systems, but it uses multiple portable 
exhaust hoods to extract VOCs. The VOC emission 
sources move with the painting locations; in response, the 
exhaust hoods are also moved so that they are adjacent to 
the sources. The ventilation performance of the proposed 
UM system, and that of the UF and UD systems, was 
modeled with computational fluid dynamics (CFD). In 
addition, the UM system was measured on site after 
putting it into engineering application. The results 
revealed that the flow pattern of the UM system is similar 
to that of the push-pull ventilation, and the VOCs are 
efficiently exhausted. The VOC concentrations in the 
occupied zone are significantly reduced as compared with 
the conventional UF and UD systems. 
Key Innovations 

• Portable, multiple exhaust hood ventilation was 
proposed for hangars. 

• The proposed ventilation forms a push-pull flow 
pattern to exhaust pollutants. 

• The VOC concentrations in the occupied zone 
are greatly reduced as compared with existing 
systems. 

Practical Implications 
The proposed ventilation system has been put into 
engineering application and was measured with superior 
performance. 

Introduction 
Commercial airplane painting hangar is an enclosed 
environment, in which large amounts of volatile organic 
compounds (VOCs) can be generated due to the fast 
volatilization of organic solvents from paint (Bennett et 
al., 2016; Uang et al., 2006). Available studies (Kim et al., 
2000; Blair et al., 1998) have shown that excessive 
exposure to gaseous solvents may lead to acute poisoning. 
Ventilation is a major means to remove the VOCs in the 

airplane painting hangar. Both general ventilation and 
local ventilation can be considered (Wei et al., 2020). 
General ventilation, in the form of an upside-supply and 
floor-exhaust (UF) system and an upside-supply and 
downside-exhaust (UD) system, has been utilized in 
commercial aircraft painting hangars. The UF system 
supplies conditioned air from the ceiling and exhausts air 
through the floor. The UD system also uses the ceiling air 
supply but exhausts air through air terminals on side walls. 
These two ventilation systems attempt to sustain a 
unidirectional airflow pattern similar to that in a car or bus 
painting workshop (Li et al., 2013). In a hangar, however, 
with a large span and high ceiling, a unidirectional airflow 
pattern is often difficult to achieve (Cao et al., 2018), as 
the formed vortices are nearly everywhere.  
In industrial workshops, local exhaust ventilation has 
been shown to be more effective than general ventilation 
in removing airborne pollutants (Goodfellow and Tahti, 
2001; Cao et al., 2014). To ensure the effective exhausting 
of pollutants, the exhaust hood should be very close to the 
emission source (Zhang et al., 2020). However, during the 
painting of aircraft, the VOC emission source moves with 
the painters, and therefore a fixed hood is inappropriate. 
Push-pull ventilation (PPV) has been proposed for the 
exhausting of pollutants in industrial settings. Compared 
with the conventional local exhaust hood, the PPV system 
was claimed to exhaust the same amount of pollutants at 
50% of the conditioned air rate (Watson et al., 2001; 
Robinson and Ingham, 1996). Although the system has 
higher ventilation efficiency, it may not be effective in 
aircraft painting hangars, in which pollutant sources move 
across a large span. It seems viable to combine the PPV 
system with multiple portable hoods to remedy the above 
problem. 
In this study, a novel upside-supply and multiple air-
exhaust (UM) system, designed to create a push-pull flow 
pattern, was proposed for exhausting VOCs in hangars. 
The performance of this new ventilation system was 
numerically evaluated and compared with the 
conventional UF and UD systems. In addition, an 
experimental test in a real airplane painting hangar was 
conducted to validate the numerical modeling and verify 
the performance of the proposed ventilation system. 
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Methods 
Commercial aircraft painting hangar and ventilation 
design 
As shown in Figure 1, a commercial aircraft painting 
hangar with a length of 61.3 m (in the Y direction), a 
width of 28.8 m (in the X direction), and a height of 17.58 
m (in the Z direction) was chosen for study. To reduce the 
computational load, only a half domain was modelled, 
and the center plane (X = 0 m) was set as the plane of 
symmetry. The evaluated airplane was an Airbus 320. The 
airplane length, height and wingspan were 37.57 m, 11.76 
m and 34.09 m, respectively. 
In the typical painting process, four to six electrostatic 
painting guns operate simultaneously to paint the fuselage, 
wing or vertical tail. The greater the number of spray guns 
in operation, the higher the release rate of VOCs. In this 
study, six painting guns were assumed to be in use; three 
guns are shown in Figure 1 due to symmetry. For the sake 
of simplicity, three individual volumetric emission 
sources (indicated by red symbols) were used to represent 
the VOCs released by the painting guns. The TVOC 
release rate from each source was 5.67E-04 kg/s. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 

 
(e) 

 
(f) 

Figure 1: Schematics of the three ventilation systems: 
(a) upside-supply floor-exhaust (UF) system, (b) upside-
supply downside-exhaust (UD) system, (c) upside-supply 

and multiple air-exhaust (UM) system for upper wing 
surface painting, (d) UM for lower wing surface 

painting, (e) UM for fuselage painting, (f) UM for 
vertical tail painting. 

Three different ventilation systems were investigated: 
upside-supply floor-exhaust (UF), upside-supply 
downside-exhaust (UD), and our proposed upside-supply 
and multiple air-exhaust (UM). Each ventilation system 
was evaluated with the use of wing-painting cases for both 
upper and lower wing surface painting, the fuselage-
painting case, and the vertical tail-painting case. As 
shown in Figure 1(a), the UF ventilation supplied 
conditioned air through ceiling air-supply inlets and 
exhausted air through floor-exhaust grilles. The floor-
exhaust grilles were located under the fuselage and the 
wing. The UD ventilation system, as shown in Figure 1(b), 
had the same air-supply inlets as the UF system, but it 
extracted air through grilles mounted on the side wall of 
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the hangar. The UM system configurations for the wing-
painting cases, fuselage-painting case, and vertical tail-
painting case are shown in Figure 1(c) to (f). A total of 48 
local exhaust hoods were used in this hangar, but only 24 
of the hoods are shown in Figure 1(c) to (f) due to 
symmetry. The diameter of the exhaust hood opening was 
0.4 m, and the exhaust speed was designed to be 4.5 m/s. 
For changes in painting location or switching between 
painting cases, the exhaust hoods could be easily 
relocated. The hoods were connected to an air-exhaust 
cart by extendable air ducts as shown in Figure 2(a). The 
maximum length of the extendable duct was 3 m. When 
the cart was moved, the exhaust hoods could be relocated 
to the new location, while the extendable air ducts allowed 
tuning of the hoods’ positions finely. The air extracted to 
the air-exhaust cart was filtered or processed before being 
exhausted to the atmosphere. The air-supply inlets in the 
UM system were the same as the previous two systems. 
For a fair comparison of the three ventilation systems, 
they were run under the same air-supply speed and 
volumetric rate. Each air-supply inlet had a circular 
opening with an area of 78.5 cm2. The inlets on the ceiling 
covered nearly the whole aircraft, as shown in Figure 2(b). 
The air-supply speed at the inlets was 7 m/s under a total 
volumetric rate of 13.6 m3/s. The air-supply speed was 
checked without compromising painting quality. A total 
of twelve cases were modelled in this study, as shown in 
Table 1. 

 
(a)               (b) 

Figure 2: Constructed movable multiple air-exhaust cart 
and air-supply inlets in a hangar: (a) photograph of the 
cart with multiple exhaust hoods, (b) planar view of the 

air-supply inlets. 
Numerical model settings 
A commercial computational fluid dynamics (CFD) 
software program (FLUENT 6.3.26) was used for 
numerical solution. To resolve turbulence, this study 
adopted the SST k-ω model because previous studies 
(Menter, 2009; Argyropoulos et al., 2015) found that the 
SST k-ω model can well predict the turbulent flow around 
a cylinder and near a plate, which resembles the airflow 
surrounding the fuselage and near wing. The steady 
isothermal flow field was solved firstly, and then the 
TVOC distributions. The TVOC concentration was 
treated as a passive scalar variable. The discretization 
scheme for pressure was PRESTO, while the second-

order upwind scheme was used for the remaining 
variables. The SIMPLE algorithm was adopted to couple 
the pressure and velocity. Convergence of the numerical 
solution was judged in accordance with the following two 
criteria. First, the ratio of the net mass flow rate at all 
boundaries to the total mass gain was less than 1.0e-05, 
and the ratio of unbalanced TVOC mass to the total 
released TVOC mass was less than 3.0e-03. Second, the 
air speed and TVOC concentration at some monitoring 
points were not further meaningfully updated with 
numerical iteration. 
The GAMBIT program (version 2.3.26) was used to 
create the solution domain and generate the grid meshes. 
Both tetrahedral and hexahedral grid cells were generated. 
The total cell numbers for the UF, UD, and UM cases 
were 9.9 million, 10.3 million and 11 million, respectively. 

 
(a) 

 
(b) 

Figure 3: Schematics of the defined occupied zones in 
the hangar: (a) wing and fuselage painting cases and (b) 

vertical tail painting cases. 
Ventilation performance evaluation 
The performance of the three ventilation systems was 
evaluated by means of the basic flow patterns and the non-
dimensional TVOC concentration in the occupied zone. 
For the wing painting and fuselage painting cases, the 
occupied zone was defined as a block with dimensions of 
18 m × 42 m × 5.2 m, as shown in Figure 3(a). For the 
vertical tail painting case, the occupied zone was defined 
as a block with dimensions of 8 m × 8 m × 11.7 m 
surrounding the tail, as shown in Figure 3(b). Both 
occupied zones were located 1.5 m above the ground. The 
non-dimensional TVOC concentration, C*, was defined 
as: 

                   C*= C
Co

                   (1) 

where C is the local concentration in the occupied zone, 
and Co is the averaged TVOC concentration at exhausts, 
which are identical for all of the cases. 
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Table 1: Overview of case design. 

Results 
Flow pathlines under the three ventilation systems 
Figure 4 shows the flow pathlines of the two conventional 
ventilation systems. Under the UF system, as shown in 
Figure 4(a), the high-velocity air jets from the ceiling air-
supply inlets went downward and reached the floor. Some 
of the air was extracted by the floor exhausts, while the 
remaining air continued to move along the floor and was 
mixed inside the hangar. Under such a flow pattern, the 
pollutants could be easily spread throughout the entire 
hangar. The airflow pattern under the UD system was 
similar to that under the UF, as shown in Figure 4(b). The 
airflow led to strong mixing in the hangar space, and the 
painting-released pollutants might not be exhausted 
effectively. 

 
(a) 

 
(b) 

Figure 4: Flow pathlines produced by the conventional 
ventilation systems: (a) UF and (b) UD. 

Figure 5(a) and (b) depict the flow pathlines under the UM 
system for the upper and lower wing painting cases (Cases 
3-1 and 3-2), respectively. In the upper wing painting case, 
when the air-supply jets from the ceiling approached the 

wing, they were bent by the wing surface, and the 
resulting flow pattern somewhat resembled the 
impingement flow. Meanwhile, under the suction created 
by the exhaust hoods, a push-pull air distribution mode 
was formed. Similarly, for the lower wing painting case, 
although a vortex was generated below the wing, most of 
the polluted air was exhausted directly by the multiple 
hoods. Figure 5(c) and (d) show the fuselage-painting 
case and vertical tail-painting case (Cases 3-3 and 3-4), 
respectively. During painting of the fuselage, the airflow 
passing the fuselage completely swept the surface due to 
the Coanda effect. The exhaust hoods below could 
therefore extract the painting-generated pollutants 
effectively, as shown in Figure 5(c). For painting of the 
vertical tail, although the exhaust hoods were located 
beside the tail wing and tail fuselage, a significant push-
pull airflow pattern was still created, as depicted in Figure 
5(d). 
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(b) 

 

 
(c) 

 
(d) 

Figure 5: Flow pathlines in the UM ventilation system: 
(a) upper wing painting case (Case 3-1), (b) lower wing 

painting case (Case 3-2), (c) fuselage painting case 
(Case 3-3), (d) vertical tail painting case (Case 3-4). 

Distributions of non-dimensional TVOC 
concentrations under the three ventilation systems 
Figure 6 compares the non-dimensional TVOC 
concentration distributions among the three ventilation 
systems on a horizontal plane in the occupied zone for the 
upper wing painting cases (Cases 1-1, 2-1 and 3-1). Under 
the conventional UF and UD systems, as shown in Figure 
6(a) and (b), respectively, the pollutants were spread to 

the entire occupied zone. Under the UM system, as shown 
in Figure 6(c), the TVOC concentration was much lower 
than that of the conventional systems. Nevertheless, a 
high TVOC concentration was still formed near the 
emission sources, because too much TVOC was released 
and the hoods were not sufficiently close to the sources. 
For painting of the lower surface of the wing, the fuselage, 
and the vertical tail, the UM system still prevailed over 
the UF and UD systems, though the contours of non-
dimensional TVOC concentrations were not shown here. 

 

 
(a)             (b)             (c) 

Figure 6: Comparison of non-dimensional TVOC 
concentration distributions among the three ventilation 
systems on a horizontal plane in the occupied zone for 
the upper wing painting cases: (a) UF in Case 1-1, (b) 

UD in Case 2-1, (c) UM in Case 3-1. 
For quantitative comparison of the three ventilation 
systems, the volume-averaged non-dimensional TVOC 
concentrations in the occupied zone, as shown in Figure 
7, were analyzed. For painting of the upper wing surface, 
the UM system reduced the volume-averaged TVOC 
concentration by 82% as compared with the UF system 
and by 72.6% as compared with the UD system. Similarly, 
for painting of the lower wing surface, the UM system 
reduced the volume-averaged TVOC concentration by 
78.8% and 71.9% in comparison with the UF and the UD 
systems, respectively. For painting of the fuselage and 
vertical tail, the volume-averaged TVOC concentration 
was reduced by more than 90% against both the UF and 
UD systems. The above results demonstrated excellent 
performance by the proposed UM system. 
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(c)                     (d) 

Figure 7: Volume-averaged non-dimensional TVOC 
concentrations in the occupied zone with the three 

ventilation systems: (a) upper wing painting cases, (b) 
lower wing painting cases, (c) fuselage painting cases, 

(d) vertical tail painting cases. 
Numerical model validation and VOC measurement 
in a real airplane painting hangar 
The proposed UM system was evaluated in engineering 
application in Shanghai, China, as shown in Figure 8(a). 
The geometry and parameters of the hangar were identical 
to those used in the numerical modeling. The air speeds 
and VOC concentrations were measured on site. The air 
speeds were measured along three vertical poles 0.5 m 
away from the fuselage as shown in Figure 8(b), at heights 
of 1.5 m, 2.5 m, 3.5 m, 4 m and 5 m above the floor. The 
device used to measure the air speed was a thermo 
anemometer (type 9515; TSI, USA). The resolution of the 
anemometer was 0.01 m/s, with an accuracy of 5%. The 
measurement was conducted during intervals when 
aircraft was not being painted, to prevent contamination 
of the anemometer. 
The VOC concentrations were measured at a height of 1.5 
m above the floor in the occupied zone during painting of 
the fuselage, as shown in Figure 8(b). The horizontal 
distances of the measuring points from the fuselage were 
0.5 m, 2.5 m, 5 m, and 10 m. Tenax TA tubes were used 
for sampling the VOCs, and the sampling flow rate was 
0.2 L/min. The absorbed VOCs were analyzed by gas 
chromatography in terms of concentrations of benzene, 
toluene, and xylene, considering their toxicity in 
industrial workshops (Hue et al., 2013). In this study, only 
the concentration of toluene was reported because the 
concentrations of benzene and xylene were lower than 
that of toluene. 
Figure 9 compares the air speeds predicted by CFD with 
the measurement data. In general, the simulated air speeds 
were close to the measured values. The large deviations 
between the simulation and the measurement at some 
points might be ascribed to the numerical simulation 
accuracy, measurement error, or some unknown 
interference during measurement. 
Because of the difficulty in quantifying the toluene 
emission rate during painting, it was extremely hard to 
conduct CFD modeling of the toluene concentration. The 
workers in the hangars painted the aircraft according to 
their individual time tables, and they moved the hoods 
according to their needs. It was therefore impossible to 
specify a relatively fixed toluene release rate and 
locations in CFD modeling. Figure 10 presents only the 
measured toluene concentrations. The concentrations at 

all the measuring points were significantly lower than the 
Chinese occupational exposure limit of 50 mg/m3 
(National Health Commission of China, 2007), which in 
part signified excellent ventilation performance by the 
proposed UM system. 

 
           (a)                  (b) 

Figure 8: On-site measurement schematics: (a) 
photograph of the airplane painting hangar and (b) 
planar view of locations for measuring air speed. 

 
Figure 9: Comparison of air speeds between the CFD 
simulation (black lines) and the on-site measurement 

(red squares). 

 
Figure 10: Measured toluene concentrations at a height 

of 1.5 m with different distances from the fuselage. 

Discussion 
It should be noted that the performance of the UM system 
will be impacted by the hoods’ locations. Hence, the 
hoods should be moved as soon as possible when the 
painting locations change. In addition, the air-exhaust 
speed, the number of exhaust hoods, and their spacing 
may affect the ventilation performance, and this area 
awaits further study. 
Although the performance of the proposed UM system is 
promising, it is more expensive than the conventional UF 
and UD systems. The UM system also requires more 
space for placement and moving of the air-exhaust carts. 
By contrast, the UF and UD systems are much simpler, 
and their interruption of the painting operation is almost 
negligible. 
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Conclusions 
This investigation proposed a novel upside-supply and 
multiple air-exhaust (UM) ventilation system for a 
commercial aircraft painting hangar. After CFD modeling 
analysis and on-site measurement, the following 
conclusions can be drawn: 
(1) The UM system formed a nearly push-pull flow 
pattern in the hangar, and short-distance direct flow from 
the pollutant sources to the exhaust hoods, while the 
conventional UF and UD systems generated strong 
mixing flow. 
(2) During painting of the aircraft wings, the occupied-
zone TVOC concentration under the UM system was 71.9% 
to 82% lower than under the conventional UF and UD 
systems. For painting of the fuselage or vertical tail, the 
UM system maintained a TVOC concentration in the 
occupied zone that was at least 90% lower than the UF or 
UD system. 
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