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ABSTRACT: 

To analyse promising ventilation concepts 
regarding outlet and exhaust dimensions and 
locations as well as momentum and temperature of 
the inflowing air, numerical simulations are 
performed. The steady state (RANS) numerical 
simulations are based on second-order finite 
volume schemes. In a post-processing tool chain, 
thermal comfort-related quantities, such as 
predicted percentage of dissatisfied (PPD) and 
predicted mean vote (PMV) are calculated. 
Further, the local mean age of air is computed. The 
test configuration is a slightly simplified Airbus 
A350 geometry with nine-abreast seating. The 
computational domain spans five rows with 
adiabatic, non-permeable boundary conditions in 
flight direction.  
 
Several ventilation concepts are analysed with 
respect to their heat removal efficiency and thermal 
comfort. Differences regarding the temperature 
stratification and the local mean age of air are 
detected. Further, different locations and 
dimensions of the supply and exhaust air openings 
result in locally different flow fields. Here, 
promising locations providing a good overall 
comfort are detected.   
 
1. INTRODUCTION 
 
Flexible cabin layout, high demands on thermal 
comfort and energy efficiency as well as industrial 
modular design are the main challenges for aircraft 
engineers when addressing the ventilation of the 
aircraft cabin. Nowadays, mixing ventilation is 
installed in all commercial aircraft, guaranteeing a 
high degree of mixing and therefore a robust and 
stable ventilation concept for the cabin [1]. 
However, complex and weight-intensive ducts are 
required. In addition, the system provides only 
limited heat removal efficiency and high velocities 
are prone to cause draft on single seats [2]. In 
order to address these challenges, novel 
ventilation concepts are investigated within the 

scope of the ADVENT project - Advanced 
ventilation techniques for modern long-range 
passenger aircraft to promote future energy 
management systems. 

2. NUMERICAL APPROACH 
 

The numerical simulations are carried out using the 
high-performance computing (HPC) cluster of the 
Institute of Aerodynamics and Flow Technology in 
Göttingen. The commercial edition Engys of the 
open source computational fluid dynamics (CFD) 
toolkit OpenFOAM is used to perform the 
calculations and for the pre- and post-processing 
operations.  
 

2.1.  Numerical Scheme 

The governing equations are Navier-Stokes 
equations with Boussinesq approximation: 
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where ” is the reference density, — Ὕ Ὕ is the 
deviation of temperature from the reference value 
Ὕ, ‍ is the coefficient of thermal expansion, ‖ is 
the thermal conductivity coefficient and ▌ 
represents the gravity vector. Eqs (1) - (3) describe 
buoyancy-driven flow provided that the thermal 
expansion coefficient and temperature variance 
are small enough: 
 

‍—Ḻρ. (4) 

 
The radiation transfer is computed using the Finite 
Volume Discrete Ordinates Method (fvDOM) 
implemented in OpenFOAM to solve the radiation 
transfer equation (RTE) for a predefined number of 
directions in the ambient media. 
The thermal radiation transfer equation for a gray 
medium in a general form reads [3]: 
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where Ὅ Ὅ●ȟ▼ is the radiation intensity at 

position ● along direction ▼, Ὅ Ὅ● is the black 
body radiation intensity,   ίȟ▼  ●ȟίȟ▼ is the 

scattering phase function, ‌ ‌● and „
„●ȟ▼ are absorption and scattering coefficients, 
respectively. Since the air is treated as non-
participating and non-scattering medium in the 
simulations, the calculation of Eq. (5) is reduced 
accordingly. 
For the diffusively emitting and reflecting wall 
boundaries, the following conditions are valid [3]:  
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where Ů is the emissivity coefficient and n is an 

outer normal-to-surface element. The radiative 
heat flux calculated on the walls, 
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is further applied as radiative component of the 
total heat flux in the boundary conditions of Eq. (3). 
The standard OpenFOAM steady state solver 
buoyantBoussinesqSimpleFoam is used to solve 
the system of Eqs. (1) - (3). It is based on the 
classical SIMPLE algorithm (Semi-Implicit Method 
for Pressure-Linked Equations), initially developed 
by Patankar and Spalding [4]. The solver allows for 
the simulation of a variety of turbulence models, 
here we use the k-ɤ-SST turbulence model. 
Thanks to the fine resolution in the vicinity of the 
walls, the low Reynolds number approach (Low-
Re) can be used for near-wall turbulence modeling 
by applying the following conditions: 
 

¶ k = 10
-16

 (very small number, not 
modeled), 

¶ omegaWallFunction for omega (standard 
ɤ wall function), 

¶ kinematic turbulent viscosity nut is 
calculated (not modeled). 

 
Usually, the use of Low-Re conditions leads to an 
essential improvement of the accuracy of the 
simulations if they are applied at a well-resolved 
wall (ώ υ). 

 
2.2.  CAD Preparation/Computational Domain 

The test configuration is a slightly simplified Airbus 
A350 geometry with nine-abreast seating. The 
computational domain spans five rows with 
adiabatic, non-permeable boundary conditions in 
flight direction, see Fig. 1. 
 

 

 
Figure 1. Computational domain 

 
2.3.  Thermal Manikins 

For the simulation of the blockage and the heat 
release of sitting passengers, thermal manikins are 
employed.  
To reduce the computational costs by decreasing 
the mesh size, we reduce the details of the 
manikins from the complex manikin (Fig. 2, left) to 
the simplified manikin (Fig. 2, right). 
 

  
Figure 2. Thermal manikins. Left: complex version with 

many details. Right: simplified manikin for faster 
simulations and reduced computational costs 

 
The geometry of the passenger dummies and 
seats and their thermal boundary conditions are 



 

 3 

the same for all configurations. The thermal 
boundary conditions are as follows: 
 

¶ head - 83.87 W/m² (heat flux density), 

¶ body - 50.32 W/m² (heat flux density), 

¶ seat - 0 W/m² (adiabatic) 
 
The dummyôs total heat flux is equal to 75 W. 
 

2.4. Post-Processing of Thermal Comfort 

In a post-processing tool chain, thermal comfort 
quantities, such as predicted percentage of 
dissatisfied (PPD) and predicted mean vote (PMV) 
are calculated. 
 
Predicted Mean Vote 
The predicted mean vote (PMV) is the complex 
comfort index which reflects the human response 
to the local thermal environment [5]. It takes into 
account both physical environment parameters and 
individual human properties: 
 

¶ air temperature and velocity  

¶ mean radiant temperature 

¶ relative humidity 

¶ metabolic rate 

¶ physical activity  

¶ clothing insulation 
 
The PMV model is based on a series of 
experiments carried out by P.O. Fanger in the 
1970s involving a large group of subjects exposed 
to a variety of controlled environments. The results 
of the measurements were evaluated using the 7-
point thermal sensation, and then processed 
statistically with respect to the basic heat balance 
equation [6]. 
 
Predicted Percentage of Dissatisfied 
The PPD is an index that establishes a quantitative 
prediction of the percentage of thermally 
dissatisfied people who feel too cool or too warm 
[5]. In Eq. (8) it is related to the PMV index 
discussed in the previous section: 
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Draught Rate 
Draught is an unwanted local cooling of the body 
caused by air movements and is considered to be 
one of the most important local discomfort factors 
[5]. The comfort index of the draught rate (DR) is 

defined as the percentage of people predicted to 
be bothered by draught. The semi-empirical 
formula (Eq. (9)) 
 

ὈὙ στ ὝẗὟ πȢπυȢ ẗπȢσχẗὝόẗ
Ὗ σȢρτ     

(9) 

 
was developed by Fanger et al. [7] based on a 
series of experiments with fifty subjects, dressed to 
experience a neutral thermal sensation under 
different conditions of mean velocity Ὗ and 

turbulence intensity Ὕό. 
 
Operative Temperature 
The operative temperature Ὕ  is defined as 

uniform temperature of an imaginary black 
enclosure in which an occupant would exchange 
the same amount of heat by radiation and 
convection as in the actual non-uniform 
environment [5]. 
 

2.4.  Post-Processing of Age Of Air 

Further, the local mean age of air is computed by 
means of a passive scalar solver implemented in 
Engys [8]. The second-order equation for the local 
age of air Ὸ (Bartak et al. [9]) reads (Eq. (10)):  
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Here ◊ is the velocity, ” is the density of air, ‘ and 
‘ are the physical and turbulent viscosities, Ὓὧ and 

Ὓὧ are the laminar and turbulent Schmidt 
numbers, respectively. 
 

2.5.  Visualisations 

The investigated ventilation concepts are 
presented in terms of temperature and velocity 
distributions, local comfort parameters as well as 
age of air for cross-sections in the middle of the 
numerical domain, i.e., cutting the third seat row. 
Further, velocity and temperature fields are 
presented for longitudinal cross-sections in the 
centre of the cabin. Global parameter such as heat 
removal efficiency are calculated using the mean 
temperatures of the inflowing and outflowing air as 
well as the volume-averaged mean temperature in 
the part of the cabin that is not occupied by 
passengers. 
The heat removal efficiency serves as a measure 
to evaluate the capability of the ventilation concept 
to remove heat from the cabin. It is defined 
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according to [10] by the temperature of the 
inflowing air Ὕ , the temperature of the exhaust 

Ὕ  and the mean cabin temperature Ὕ , 
see Eq. (11). 
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In accordance with this definition, a ventilation 
concept with perfect mixing of the air in the cabin, 
that is Ὕ Ὕ , has a heat removal 
efficiency of 0.5. However, state-of-the-art mixing 
ventilation, which is typically installed in passenger 
cabins of aircraft, has even lower values of about 
0.4 [2]. 
 
3. VENTILATION CONCEPTS 
 
The investigation of the novel ventilation concepts 
is motivated by many different factors: 
 

¶ Increasing the HRE (to allow for higher 
heat load densities) 

¶ Allowing for modular aircraft design and 
construction 

¶ Providing thermal comfort for passengers 

¶ High air quality (e.g. by low local age of 
air) 
 

With regard to the first point, the new concepts are 
compared to state-of-the-art mixing ventilation with 
a HRE of around 0.4 [2]. The higher HRE could 
result in a decreased sizing of the climate pack and 
thus reduced weight; or on the other hand, allow 
for higher heat load densities in the cabin, i.e. 
more passengers. 
The modular aircraft design is of special interest for 
a simplified construction process using pre-
assembled modules which already contain the 
cabin ventilation systems. Therefore, the presented 
ventilation concepts are ï at least partially ï fully 
integrated in single modules, e.g. crown or sidewall 
modules. Within these considerations, simple 
installation, pre-defined connections and reduced 
pipe lengths are additional advantages. 
The latter two bullet points are of great importance 
for the acceptance of novel concepts by the 
passengers and the cabin crew. Further, a low 
local mean age of air helps to decrease the 
airborne spreading of infectious diseases within 
the cabin. 
 

3.1.  Ceiling-Based Concepts 

  

  
Figure 3. Ceiling-based concepts with fresh air supply in 

the ceiling and different exhaust configurations. 
 
The presented ceiling-based ventilation concepts 
use small micro-jets for the air supply and the inlet 
area spans the whole ceiling area above the 
aisles. This kind of air supply is well known from 
trains, especially from long-distance trains, such as 
the German Inter City Express (ICE) [11]. Some 
results including objective and subjective 
evaluations were obtained in a generic train 
laboratory equipped with this air supply system 
[12]. In both cases, the generic train laboratory and 
the long-distance train in-operation, the results 
proved the applicability and the robustness of this 
ventilation system. In contrast to the discussed 
experimental studies, we realised the micro-jet 
holes for this numerical study by square holes 
simplifying the mesh generation. Different exhaust 
configurations are analysed: lateral and central (a), 
lateral and dado (b), central and dado (c) as well 
as solely dado (d), also summarized in Tab. 1. 
 
Table 1. Parameter for ceiling-based ventilation.  

Case Exhaust 1 Exhaust 2 

(a) Lateral 67% Central 33% 
(b) Lateral 67% Dado 33% 
(c) Central 67% Dado 33% 
(d) Dado 100% --- 

 

3.2. Floor-Based Concept 

 
Figure 4. Floor-based concept with fresh air supply 

through the floor. 
 
In contrast to the ceiling-based ventilation concept, 
where the fresh air is supplied through the ceiling 

(a) (b) 

(c) (d) 
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area, we use the whole floor area for the floor-
based ventilation concepts (Fig. 4). The concept of 
using the entire floor is a result of the simplified 
mesh generation and the simplified definition of the 
numerical boundary conditions. In experimental 
applications or even in a possible implementation 
in a real aircraft, this floor-based ventilation will be 
realised by a local, low-momentum air distribution 
system below the seats. This technique has 
already been successfully applied in a ground-
based research aircraft Do728 [2] as well as in test 
flights with an A320 ATRA [13]. The exhaust is 
implemented in the ceiling of the cabin. The main 
advantage of the concept is the extremely high 
heat removal efficiency, which is more than twice 
as good as for state-of-the-art mixed convection 
[2]. However, the cold fresh air on floor level 
results in strong vertical temperature gradients, 
which are likely to be uncomfortable for the 
passengers.   
 

3.3. Sidewall-Based Concepts 

  
Figure 5. Sidewall-based concepts with fresh air supply 

in the lateral sidewall and different exhaust 
configurations. 

 
The last group of presented ventilation concepts is 
called sidewall-based concepts, where the air is 
supplied by micro-jets integrated in the lateral parts 
of the cabin. The exhaust is installed in the dado 
panels solely (Fig. 5, left) or implemented as a 
combination of dado and central exhausts (Fig. 5, 
right). 
 
4. RESULTS and DISCUSSION 

In this chapter, we will first discuss one ventilation 
concept in detail before comparing the different 
ventilation concepts. 
 

4.1. Detailed Discussion of one Concept  

Before comparing the different ventilation 
concepts, we would like to discuss one ventilation 
concept in more detail: ceiling-based micro-jet 
ventilation with central and lateral exhaust at a 

volume flow rate of 6 ρσȢσ ÌȾÓȾ0!8 and a supply 

air temperature of 4 ρψȢπ Ј#. For this 

selected ventilation concept, all investigated 
parameters are presented and discussed. These 

parameters are depicted in Fig. 6, which comprises 
two visualisations of the three-dimensional 
streamlines (a), temperature and velocity fields in a 
cross- and in a longitudinal section (b) and (c), the 
comfort-relevant quantities PMV (d), PPD (e), DR 
(f) and OT (g) for the central seat row as well as 
the age of air fields, again for a cross- and a 
longitudinal section (h). Due to the page limitation, 
not all corresponding figures for all ventilation 
concepts are going to be presented.  
The three-dimensional streamline representations, 
see Fig. 6 (a), reveal that there is almost no 
longitudinal flow in the cabin leading to high 
homogeneity in longitudinal direction and high 
control efficiency. The latter offers the aircraft 
manufacturer and operator the opportunity to apply 
different temperature zones and to react on 
missing heat loads, that is, unoccupied seats. 
Further, the streamlines reveal that the supplied air 
flow constricts and follows the lateral overhead 
luggage compartments downwards where it splits 
up and a part of the air leaves the cabin through 
the lateral exhaust openings, while the other part 
follows the sidewall panels towards the floor. Here, 
the flow is redirected towards the centre of the 
cabin where it recirculates through the occupied 
zone. Partly, the flow leaves the cabin through the 
central exhaust and partly it mingles with the 
supplied air. This flow structure is also confirmed 
by the temperature (b) and velocity (c) cross-
sections: cold air jets with high flow velocities are 
observed next to the lateral overhead 
compartments and the sidewall panels. The good 
homogeneity in longitudinal direction is also found, 
see right figures of (b) and (c), where the flow and 
temperature fields are almost independent on the 
considered seat row. 
The comfort measures PMV and PPD (Fig. 6 (d) 
and (e)) reflect whether a passenger feels warm or 
cold and whether a passenger is dissatisfied with 
the thermal environment. For the considered 
ceiling-based ventilation with central and lateral 
exhausts, all passengers on the window seats and 
the legs of most of the other passengers are too 
cold. At the same time, some of the passengers 
sitting next to the aisle feel too warm in the head 
region. These too warm and too cold regions 
directly correlate with the regions where the 
passengers are more likely to be dissatisfied (e). 
Here local values of ὖὖὈςυϷ are found. 
The draught rate is depicted in Fig. 6 (f). High local 
values (>15%) are found in the leg room of the 
window benches and, particularly, on the window 
seats. The passengers on these window seats are 
directly influenced by the cold jets of fresh air, 
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which followed the lateral overhead compartments 
downwards. Here, the combination of cold air 
temperatures and high flow velocities induces very 
high, uncomfortable draught rates. 
Fig. 6 (g) shows the operative temperature 
mapped on the enclosing surfaces of the thermal 
manikins. It can be interpreted as a ñfelt 
temperatureò calculated based on the local heat 
flux and thus integrating the comfort-relevant 
quantities radiant temperature, ambient air 
temperature and air velocity. The operative 
temperature reflects warm head regions on the 
aisle seats and cold window seats for this 
ventilation concept. Since the PMV, see Fig. 6 (d), 
contains very similar information in a more intuitive 
representation: 
 

¶ ρȢυ ὖὓὠ πȢυ: cool 

¶ πȢυ ὖὓὠ πȢυ: neutral 

¶ πȢυ ὖὓὠ ρȢυ: warmish,  
 

PMV will be used for further comparison of the 
different concepts in the next section. 
Finally, we would like to discuss the local age of air 
displayed in Fig. 6 (h), which is an important 
quantity regarding the air quality. In the central 
cross-section (h), left, there are no age of air 
values above 90 s. Regarding the breathing zones 
of the seated passengers, the values are below 
70 s expect for one aisle seat. These rather low 
values guarantee a sufficient supply of fresh air to 
all passengers. Looking at the longitudinal section 
(h), right, some increased values occur in the rear 
part of the cabin. These values are a result of the 
numerical boundary conditions in combination with 
the fact that the last seat row is very close to the 
non-permeable rear wall. However, these values 
also highlight that special attention has to be given 
to the last seat rows in front of non-permeable 
walls, such as galleys or toilet areas.   
 

4.2.  Comparison of all Ventilation Concepts 

After this detailed discussion of all aspects of one 
selected velocity concept, we will now compare 
seven different ventilation concepts. Therefore, the 
ventilation concepts are divided into three groups: 
ceiling-based, floor-based and sidewall-based, see 

also Section 3. Within each group, the impact of 
different exhaust locations is analysed.  
For the sake of brevity, we will show and discuss 
only the temperature (left) and velocity (right) fields 
obtained from the central cross-section for all of 
the different cases in Fig. 7 ï Fig. 9. For the sake 
of comparability, we use the same legends for all 
cases.  
Afterwards, the integral quantities, such as HRE, 
PMV and age of air, will be summarised and 
analysed in Tab. 2. 
The first group of concepts consist of the ceiling-
based ventilation systems, see Fig. 7. These are 
investigated at a volume flow rate of ρπȢπ ὰȾίȾὖὃὢ 
and an inflow air temperature of 15.5 °C. 
Regarding the velocity fields, the first main finding 
is that the existence of a strong central exhaust, 
i.e. cases (c), reduces the maximal flow velocities 
next to the lateral overhead compartments 
significantly. Furthermore, the general flow fields 
for the two cases without central exhaust, (b) and 
(d), are very similar with only minor differences 
next to the lateral and dado exhausts. Here, the 
flow follows the lateral luggage compartments 
downwards towards the lateral or dado exhaust 
inducing two large circulations with upward flow in 
the central region of the cabin. In contrast to the 
cases without central exhaust where the maximal 
flow velocities occur next to the lateral overhead 
compartments, the concepts with an activated 
central exhaust, (a) and (c), reveal maximal 
velocities in the upper region of the aisle (c) and 
somewhat detached from the overhead 
compartments (a). As opposed to the concepts 
without central exhaust, (b) and (d), or weakly 
activated (a), we find reversed large-scale 
circulations with downward flow in the central 
region and with upward flow next to the side walls 
for case (c). As a consequence, we can conclude 
that the volume flow rate though the central 
exhaust determines the sense of rotation of the 
large-scale circulations in the cabin. Another fact to 
be noted is that the flow velocities within the 
seating zone are acceptably low for all cases 
except case (d), where the sole usage of the dado 
exhausts results in high flow velocities on and next 
to the window seats. 
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Figure 6. Detailed analysis of ceiling-based micro-jet ventilation with lateral and central exhaust @ ὠ ρσȢσ ὰȾίȾὖὃὢ 

and Ὕ ρψȢπ Јὅ. 

(a) 

(b) 

(c) 

(d) (e) 

(f) (g) 

(h) 
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The temperature fields reflect the same main flow 
trends: The cases without central exhaust, (b) and 
(d), reveal very cold regions correlating with the 
high flow velocities. Especially for case (d), these 
will cause very uncomfortable draft. In contrast, the 
cases with active central exhaust, (a) and (b), 
reveal rather homogeneous, a little too cold, 
temperature distributions in the occupied area. 
Comparing these two cases with each other, 
further advantages are found for case (c) with 
central and dado exhausts activated. 
The floor-based concept with fresh air supply from 
below is also known as cabin displacement 
ventilation. The drawbacks (higher required volume 
flow rate and high vertical temperature 
stratification) and advantages (very high heat 
removal efficiency, spatial homogeneity, low flow 
velocities and low risk of contaminant spreading) of 
this concept are already well known [2,13]. These 
are also confirmed by our numerical simulations: 
cabin displacement ventilation provides a 
temperature stratification with rather cold feet and 
a higher temperature on head level, see Fig. 8 left. 
Moreover, there is a high homogeneity, i.e. each 
the temperature and velocity distributions are 
independent on the choice of seat, and very low 
flow velocities can be observed, see Fig. 8 right. 
The latter is even more remarkable as a higher 
volume flow rate (ρφȢχ ὰȾίȾὖὃὢ), compared to all 
other investigated concepts, was applied. Due to 
the very high heat removal efficiency, see Tab. 2, 
higher inflow temperatures were used. Thus, the 
risk of cold draft is decreased and the energy 
demand of the environmental control system (ECS) 
is reduced further since the high-temperature bleed 
air must not be cooled down as much as for other 
concepts. 
The last group of concepts to be discussed 
comprises the sidewall-based concepts. The fresh 
air is supplied through micro-jet elements 
integrated into the sidewall panels below the lateral 
luggage compartments. This concept, especially 
the case without central exhaust, see Fig. 9 (a), is 
comparable to classical mixing ventilation with 
lateral outlets only. As a consequence, we 

operated this ventilation concept with the standard 
ρπ ὰȾίȾὖὃὢ amount of fresh air and inflow 
temperatures of 16 °C. The first main finding for 
these concepts is that the activation of the central 
exhaust, case (b), has only a minor impact on the 
flow fields. This finding is a strong contradiction to 
the results obtained for the ceiling-based concepts, 
see Fig. 7, where the activation of the central 
exhaust strongly defines the main flow state. 
Further, the jet-like flow behaviour of the fresh air 
as a result of the constriction of the fresh air flow 
just after entering the cabin, induces flow velocities 
(much higher than 0.5 m/s). Maximal flow velocities 
below the lateral luggage compartments are as 
high as 1.1 m/s for the sidewall-based concepts 
(not resolved in the figures due to the choice of the 
legend for a higher comparability). 
Regarding the temperature fields, the sidewall-
based concepts reveal slightly cooler temperatures 
on the central seats, see Fig. 9, left. Surprisingly, 
the activation of the central exhaust leads to colder 
temperatures and higher flow velocities in the leg 
room of the passengers. Comparing the sidewall-
based concepts with all other concepts, we 
identified that the cabin air flow is strongly 
determined by forced convection for this concept, 
while thermal convection ï flow-induced by 
temperature gradients ï plays an important role for 
all other concepts. Thereby, the floor-based 
concept is mainly driven by thermal convection. 
The ceiling-based concepts are a superposition of 
both driving mechanisms, forced and thermal 
convection.   
Comparing all temperature and velocity fields of 
the different concepts, see Fig. 7 to Fig. 9, we 
identified the ceiling-based concept with central 
and dado exhaust as the most promising concept. 
It provides rather low flow velocities in the 
occupied zone, a rather homogeneous 
temperature distribution on almost all seats (only 
the windows seats are a little warmer) and a low 
risk of draft since no jets of cold air are found. 
However, the temperature level is in general a little 
too low for this case, which is also reflected in the 
integral PMV value given in Tab. 2.  
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Figure 7. Temperature and velocity fields for ceiling-based concepts @ ὠ ρπȢπ ὰȾίȾὖὃὢ and Ὕ ρυȢυ Јὅ.The 

legends at the bottom apply to all images. 

 

(a) 

(b) 

(c) 

(d) 


