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Abstract— This paper presents a numerical investigation on the effects of inlet airlow angle on the

airlow, temperature and CO2 concentration ields in a three-row airliner cabin. The computations are

conducted using Ansys-Fluent and the numerical results were compared against published experimental

data. The inlet airlow is supplied into the aircraft cabin at six different directions of A (0°, 180°), B (355°,

185°), C (350°, 190°), D (340°, 200°), E (330°, 210°) and F (315°, 225°). The numerical results showed

that low pattern, temperature distributions and CO2 levels are improved signiicantly inside the whole

cabin and at passengers’ breathing zones in case of changing the inlet airlow angle. The performance of

mixing-air distribution system for the whole aircraft cabin is enhanced remarkably in case of using small

inlet angles. Angles B (5°) and C (10°) provided the best ventilation performance among the six tested

angles within the whole cabin and at local breath zones of passengers in terms of thermal and health

comfort. Moreover, inlet airlow angle C (10°) showed high constancy and stability in the pattern of the

low ield and temperature and low CO2 level in cabin centre area compared to inlet airlow angle B (5°)

for both the whole aircraft cabin and local breathing zones.

© 2017 The Author(s). Published by TAF Publishing.

I. INTRODUCTION

Modern commercial aircrafts must cruise at high al-

titudes to achieve the best performance and it is essen-

tial to keep a comfort and healthy cabin conditions from

the air distribution system. At these high altitudes, the air

properties are completely different from the one at stan-

dard conditions, hence much process have to be done on

this air to be suitable for passengers environment [1]. Cur-

rently, the aircraft engine compressor is the main source

of ventilation system fresh air, which should be manipu-

lated well before the supplying into the cabin. This fresh

air has a vital role in controlling the air quality within the

cabin environment. However, thismethodmay increase the

amount of fresh air, but with penalty of reducing the en-

gine performance and the consequent increase in fuel con-

sumption due to low thrust. Airline companies are aspir-

ing to reduce the amount of outside fresh air into the pas-

sengers’ cabin to conserve fuel, consequently adversely af-

fecting the air quality [2]. These challenges stimulated the

researchers and scientists to put many suggestions for im-

proving the air quality inside the commercial aircraft cab-

ins, while reducing the fuel consumption. A detailed review

of the available air quality data for aircraft passenger cabins

in the period from 1977 to 1997 was published by Hock-

ing [3] to provide useful information for researchers. The

review collected crucial data from the viewpoint of both

the passengers and airlines, hence, proposals for improv-

ing the air quality were concluded. Accordingly, a Compu-

tational Fluid Dynamics (CFD) model was applied to inves-
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tigate the air quality inside a Boeing 767 aircraft cabin dur-

ing cruise conditions. Themodel provideda simulationdata

for three different ventilation systems, mixing, under-loor

displacement and personalized system in terms of veloc-

ity, temperature and CO2 contamination ields [4, 5]. The

results showed that, although the personalized ventilation

system might decrease the risk of spreading the airborne

particles, it could increase the level of temperature dissatis-

faction amongpassengers. Moreover, themixing ventilation

system had more uniform velocity, temperature and CO2

contaminations within the whole cabin than the other two

systems, but it had the highest CO2 level in the breathing

zone. Mixing ventilation system is currently implemented

in commercial aircraft cabins to provide uniform air and

temperature distributions. Although it provides a satisfac-

tory environment within the commercial aircraft cabin, it

could spread infamous particles. Since, this ventilation sys-

tem is already applied in today’s aircraft, it is important

to improve its design performance for that objective. An

experimental work was conducted to characterize the air-

low pattern, ventilation effectiveness and pollutant trans-

port within a Boeing 767 cabin section has ive rows [6, 7,

8]. Volumetric Particle Tracking Velocimetry (VPTV) tech-

nique was used to measure the three-dimensional air ve-

locity proile within this cabin mock-up. The local mean

age of air and Ventilation Effectiveness Factor (VEF) were

measured at ive levels of air supply rates and two levels

of heating load. The results showed that the local mean

age of air was inversely proportional to the air supply rate,

while the VEF remained consistent. Moreover, the expo-

sure risk was considerably reduced when the distance be-

tween the airborne source and the receptors was increased

[7, 9]. Because infectious particles can spreadwithin an air-

craft cabin froma sick passenger, an experimentalmeasure-

ments and CFD simulations were conducted to quantify the

airlow and contaminant transmission in a full-scale Boeing

767 – 300 aircraft cabin [10] and in a section of half occu-

pied, twin-aisle cabin mock-up [11], respectively. The air-

low patterns provided from the CFD model were validated

with those measured experimentally. Both studies demon-

strated that the CFD results could help researchersmore ac-

curately to identify the mechanism of pollutant transport

and provide important information for the areas which is

dificult to get from experiments. In light of that, a detailed

CFD studywas conducted using Reynolds-AveragedNavier-

Stokes (RANS) and Large Eddy Simulations (LES) meth-

ods to investigate the air low distributions and airborne

pathogen dispersion in a small section of Boeing 767-300

passenger aircraft cabin [12, 13, 14]. It was shown that,

the RANS simulation results under-predicted the value of

turbulent intensity at the breathing zone, however the LES

results were more realistic compared to the available ex-

perimental data. On the other hand, the effect of a moving

human body on the comfort and health environment in an

aircraft cabin is studied using experimental and CFD tech-

niques [14]. Particle Image Velocimetry (PIV) and Planar

Laser-Induced Fluorescence (PLIF) measurements showed

that the movement of the human body affected adversely

on the ventilation effectiveness and these results were used

to validate the implemented CFD model. Numerical sim-

ulations were carried out to evaluate the effectiveness of

applying periodic air supply method at constant low rate

for ventilating the cabin of a Boeing 767-300 passenger air-

craft [15, 16]. The results showed that the air quality in-

side the cabin is improved due to the mixing between fresh

and expired air compared to using the conventional steady

air supply. Since the passengers’ aircraft cabin has a com-

plex geometry, small volume and lower percentage of fresh

air per person compared to general buildings, it is essen-

tial to paymore attention to design an effective air distribu-

tion system. Numerous experimental and numerical stud-

ies are conducted to investigate the eficiencyof different air

distribution systems inside passenger aircraft cabin. Based

on the above review, most researchers studied the effect of

some parameters such as cabin geometry, the positions of

the inlet and outlet air, the airlow rate and the heat load in-

side the cabin.

The present study addresses the effect of inlet air-

low angle on the ventilation effectiveness of the mixing air

distribution system inside passenger aircraft cabins. The

study is performed numerically using three-dimensional

version of Ansys-Fluent software. The review showed that,

although the mixing air distribution system creates a uni-

form air and temperature distribution, but it possibility

spreads the airborne particles. To improve the existing air

distribution system inside the aircraft cabins, six inlet air-

low angles are evaluated in terms of low, temperature and

contamination ields. Therefore, a comprehensive assess-

ment of varied inlet airlow angles on the air quality inside

a Boing 767 aircraft cabin mock-up is obtained. The struc-

ture of the present paper is as follows; irst, the governing

equations, commercial aircraft cabin section and grid gen-

eration are presented. The boundary conditions applied in

the present CFD model, inlet airlow angles coniguration

and solution algorithms are introduced next. Thereafter,

the numerical results are presented and discussed before
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conclusions are provided.

II. NUMERICAL METHODS

A. Governing Equations

Three-Dimensional version of commercial Ansys-

Fluent software is used in the present study. To consider

the unsteadiness behaviour on the airlow inside the cabin,

a steady-state low ield was selected as initial condition

subsidiary low transition. RANS equations are discretised

and solved to obtain low, temperature and species trans-

port parameters. The RNG κ-ε turbulence model is applied

to simulate the generation and dissipation of turbulent en-

ergy because it has much performance and robustness in

modelling the indoor lows among other turbulence mod-

els [17, 18]. The low inside the aircraft cabin is assumed

incompressible, steady and three-dimensional. For New-

tonian, incompressible luid, the conservation form of the

low governing equations are as follows [1]:

∇.V̄ = 0

ρDT̄
Dt = ∇ρ+ ρ(T ).g +∇.(τ − τT )

ρCp
DT̄
Dt = ∇.(q − qT )

The species transport equation is employed during

the solution to model the CO2 transport inside the aircraft

cabin. The renormalization group (RNG k- ε) turbulence

model [19, 20] is chosen to predict the airlow, temperature

and CO2 infections particles. Moreover, it has been used

successfully to simulate the airlow and pollutant transport

in numerous internal low applications [2].

B. Physical Model and Computational Domain

A typical Boeing 767-300 cabin section is chosen as

the physical model of the current simulation, since exper-

imental measurements for the air, temperature and CO2

level are available from the literature for the same domain.

The domain dimensions were 4.6 m (x), 2.1 m (y) and 2.9

m (z), which are the same as used in the experiments [11].

The boundaries of air inlet and exhaust outlet are repre-

sented with linear slots. Simple geometries are created

inside the computational domain to represent the passen-

gers. Structured hexahedral elements are generated for the

whole computational domain to calculate the low, temper-

ature and CO2 contaminant ields. The computational do-

main is selected as a cabin section enclosing three rows and

the customers sat on the seven seats on each row. Three

different grids with mesh elements of 518257, 1002855

and 1,480,228 hexahedral elements were used during our

study as mesh independent test. The grid with number of

mesh elements of 1002855 is used for all the results pre-

sented in this paper. The mesh is generated with minimum

orthogonal quality of 0.82 and maximum aspect ratio of

2.15. Figures 1 (a) & (b) show the cabin physical model and

3-D structured mesh generated within the computational

domain, respectively.

Fig. 1 . Physical model (a) and structure grid (b) of Boeing

767-300 passenger aircraft cabin

C. Boundary Conditions and Model Sep-Up

The igures of mass low rate and temperature of air

at inlet supply are kept constant for all modelled cases dur-

ing the numerical simulations performed in this study. Ta-

ble 1 shows the types of applied boundary conditions and

values of variables used in the present numerical simula-

tions.
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TABLE 1

BOUNDARY CONDITIONS FOR THE PRESENT CFD STUDY

Item Type of BC BC variables

Fresh air supply Velocity inlet 21°C; 0.085% CO2; 8.3 L/s per passenger (steady supply)

Ceiling No-slip 24°C

Side wall No-slip 20°C

Floor No-slip 23°C

Seats No-slip Adiabatic

Passenger surface No-slip 30°C

Passenger mouth Velocity inlet 35°C; 100% CO2; 0.005 L/s per passenger

Air outlet Outlow

Front and rear of cabin Periodic

The setting variables are chosen to be consistent

with the previous numerical studies [5, 15]. To model the

heat transfer with the surrounding air, constant tempera-

ture option selected in the numericalmodel. The conditions

of steady air supply and the CO2 rate from passengers are

selected at values that is recommended by Boeing company

[21, 22, 23, 24]. In the present study, the fresh inlet airlow

enters the aircraft cabin through six different angles. Sup-

ply diffuser bladeswill force the inlet air to follow one of the

indicated conigurations in Figure 2. The six studied conig-

urations are A, B, C, D, E and F that correspond to inlet air-

low angles of (0°, 180°), (355°, 185°), (350°, 190°), (340°,

200°), (330°, 210°), (315°, 225°) respectively.

Fig. 2 . Fresh inlet airlow directions, A (0 °), B (5 °), C (10 °), D

(20 °), E (30 °) & F (45 °)

The low governing equations and species transport

equation are discretised and solved at the centroid of each

cell in the 3D computational domain. Semi Implicit Method

for Pressure Linked Equations (SIMPLE) algorithm is se-

lected to couple pressure and velocity. Pressure-Implicit

with Splitting of Operators (PISO) scheme is applied for

pressure and velocity coupling, which utilizes the splitting

of operations in the solution of the discretized momentum

and pressure equations. Second-order upwind scheme is

selected to discretize the other physical quantities during

the simulation.

III. RESULTS AND DISCUSSION

A. Validation of a CFDModel

In the present study, RANS equations are applied

to simulate the mixing air system of a passenger’s aircraft

cabin at different inlet air conditions. It was essential to

validate the CFD model irst against the experimental data

to ensure that consistent and accurate results have been

obtained. The cabin low ield under transient inlet air-

low is irst obtained and compared to the averaged low

pattern provided from experiments [9]. In experiments,

VPTV method is used for measuring the air distribution in

a B767-300 cabin and vector plots for 24 cross-sectional

planes spaced with 0.1 m are used to calculate the mean

value. Figure 3 shows comparison of the velocity vectors

coloured by velocity magnitude between the experiments

(a) and the present numerical simulations (b) of a plane at

the cabin mid-row.
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Fig. 3 . Velocity vectors plots coloured by velocity magnitude of

plane located at mid-row inside aircraft cabin, (a)-

experiments [9] (b)- present simulations

Since the simulated airlow is unsteady, thus the in-

stantaneous snapshot of the low ield is not descriptive of

the mean low pattern. Therefore, the simulated velocity

vectors illustrated in Figure 3-b represent the average of a

number of instantaneous vector plots. From the compari-

son, it is plain to see that the present CFD simulations are

predicted correctly themain features of the cabin airlow il-

lustrated in Figure 3 (a) that include the fresh air path, low

circulations and the streams at the cabin central area. In

addition to the mean low pattern, the validation includes

comparison between the measured and simulated local ve-

locity proiles (horizontal and vertical) along the cabin hori-

zontal line, which located in the passengers’ breathing zone

at 1.4 m above the cabin ground as shown in Figures 4 (a) &

(b) respectively.

These values also represent the averages of several

instantaneous velocity proiles. As demonstrated from Fig-

ures 4 (a) and (b), the numerical results for velocity pro-

iles follow the same pathway of the experiential proiles;

however it is smaller in magnitude than those in the exper-

iments. This is because the CFD model did not precisely

capture the low structures at the points with small values.

However, thesequantitative results showed that thepresent

CFDmodel succeeded to predict the actual pathway of both

horizontal and vertical velocity proiles compared to the ex-

perimental results.

Fig. 4 . Horizontal (a) and vertical (b) local velocity proiles at 1.4

m above the cabin loor

B. Ventilation Effectiveness within the Aircraft Cabin

Airlow pattern: The numerical results of airlow pat-

tern inside the cabin aircraft are illustrated in Figures 5 (a),

(b), (c), (d), (e) and (f). The Figures show the velocity vec-

tors coloured by velocity magnitude of the airlow inside

the aircraft cabin for the six inlet air supply directions of A,

B, C, D, E & F respectively. As is evident from the Figures, the

fresh air into the cabin through louvers is steady in the ar-

eas close to the cabin boundaries where the two passenger

side seats are located. The air then becomes unsteady away

from the side seats areas and two big eddies appear close

to the cabin centreline and then move upwards. The two

big eddies move towards the cabin ceiling then it pushed

down into the centre or passed through the seats to achieve

circulations and inally pull out the cabin from the exhaust

outlet port. Figures 5 (a), (b) and (c) show that the pattern

of air distribution inside the cabin for directions A, B, and C

with smaller inlet angle is approximately similar, however

the case with direction C shows the best behaviour among

them. This creates high velocity gradient near the cabin

sides, hence performing a good mixing air distributions in

the cabin and proper ventilation for both passengers and

crew. On the contrary, the air distribution inside the cabin

for directions D, E, and Fwith bigger inlet angles create high

velocity gradient near the cabin centre, hence the fresh air

does not stay enough time within the cabin and exits from

cabin outlet prior contacting the passengers. Furthermore,

several swirls can be seen around the side and centre seats,

which results in an unbalanced behaviour of the air dis-

tribution inside the aircraft cabin. Therefore, the fresh air

supplywith bigger inlet airlow angles resulted in poormix-

ing air distribution inside the cabin and high level of CO2

contaminants. When the airlow reaches the cabin loor,

part of this air is withdrawn overboard through the pres-

surized outlow port and the other part rises up and mixes

with the fresh air supply. When the mixing process occurs,

the fresh air will exchange heat and momentum with the

adjacent air, hence dilutes theCO2 contaminants produced

from travellers.
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Fig. 5 . Velocity vectors of the air distribution inside aircraft

cabin for different air inlet supply directions; (a)- 0°, (b)-

5°, (c)- 10°, (d)- 20°, (e)- 30° & (f)- 45°

Temperature ield: The temperature distribution of the

ventilated air inside the aircraft cabin usually relects the

cooling eficiency and considered as one of the signiicant

factors of thermal comfort for passengers and crew. Figures

6 (a), (b), (c), (d), (e) and (f) show the temperature contours

of air inside the aircraft cabin for the six inlet airlow angles

of A, B, C, D, E & F respectively. The plots show that the tem-

perature contours inside the cabin is affected by proper dis-

tribution of air volume low rates. As has been pointed out

the overall variance in temperature levels for the irst three

directions A, B & C is quite small, while the other three an-

gles have higher level of air temperature. The regions close

to the cabin side seats have appropriate air temperature (≤

296 K), while the regions close the passengers’ breathing

zones have the highest air temperature (≤ 302 K). The air

temperature is small at the areas of cabin aisles as similar

to the areas of side seats. Moreover, the proper air temper-

ature distributions is created in the inlet airlow with A, B

and C orientations. The air temperature of case with direc-

tion C (10°) tends to providemore uniform air temperature

through the whole cabin, while the temperature of air far-

ther close to the cabin walls becomes slightly smaller.
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Fig. 6 . Temperature contours of the air distribution inside

aircraft cabin for different air inlet supply directions; (a)-

0°, (b)- 5°, (c)- 10°, (d)- 20°, (e)- 30° & (f)- 45°

CO2 contamination level: The heath comfort inside the

aircraft cabin is quite different from the indoor environ-

ments, such as homes and ofices, in many aspects such as

the small volume, the restrictions on the passengers pre-

venting them from moving freely and the need for pressur-

ization. During light, passengers face many health and en-

vironmental barriers such as lowair pressure, lowhumidity

and the possibility of inhaling air contaminated with ozone

(O3), carbon dioxide (CO2) or infectious droplets. In the

present study,CO2 concentration level in the aircraft cabin

for the six inlet airlow angles is selected as an indication

of health environmental comfort. Figure 7 (a) & (b) show

the CO2 concentration of a plane located at mid-row in-

side aircraft cabin at the inlet angles (irst four angles) and

at then for optimum three angles that provide minimum

CO2 concentration, respectively. Evidently the CO2 con-

centration increases with increasing the inlet airlow angle

and this is shown clearly from Figure 7 (a) and how CO2

level increases (angles E and F are not included due to high

level of CO2 concentration). On the other hand, small in-

let airlow angles provide low CO2 concentration within

the whole cabin. Figure 7 (b) shows that inlet airlow an-

gles B (10°) and C (20°) provides the minimum CO2 level

within thewhole aircraft cabinwith slightly distributiondif-

ferences from the centre to the cabin side seats.
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Fig. 7 . CO2 concentration level inside aircraft cabin; (a)- Inlet

airlow angles of 0°, 5°, 10° and 20°, (b)- Inlet airlow

angles of 0°, 5°, and 10°

C. Ventilation Effectiveness at Passengers’ Breathing

Zone

As discussed is the previous section, the cabin com-

fort and health environment with mixing air distribution

system has small inlet airlow angles is sensibly improved.

Angles B (5°) and C (10°) provided the best air and temper-

ature distributions and lowest level of CO2 concentration

within the whole aircraft cabin among the six studied in-

let airlow angles. Since, the passengers’ breathing level

is usually the critical zone within the whole cabin; hence,

more analysis has been carried out at this region. As shown

in Figure 8, the breathing zone is selected at level of 1.4 m

above the cabin loor and passengers who sit in the mid-

row of cabin centre plane are the target. The symbols used

in the Figure refer to the location and order of passengers’

breathing zones within the aircraft cabin. Each symbol con-

sists of two numbers and the letter (P); the irst number

is (2), which refers to the second row in the cabin section,

letter (P) refers to the passenger and the second number

takes values from 1 to 7, which refers to the order of the

passenger in the mid-row from left to right. For example,

2P3 refers to the breathing zone of passenger (P) which is

sitting in the mid-row (2) and his order in the mid-row is

the third (3) from the left side.

Fig. 8 . Breathing zones of passengers 1 to 7 at the cabin mid-row

and 1.4 m above the cabin loor

Figures 9 (a) and (b) show the contours of tempera-

ture distributions for passengers’ breathing zones who are

located at the cabinmid-rowand1.4mabove the cabin loor

level for inlet low angles B (5°) and C (10°), respectively.

The Figures show that the air temperature distributions re-

sulted fromdirectionsB andC are quite similar and the tem-

perature difference at the breathing zones for all passen-

gers is within 1 K.

Fig. 9 . Temperature contours for passengers’ breathing zones

(2P1 : 2P7) at the cabin mid-row and level 1.4m, (a)-

direction B (5°), (b)- direction C (10°.)

Similarly, Figures 10 (a) and (b) show the contours

ofCO2 concentration level for passengers’ breathing zones

at cabin mid-row and 1.4 m above the cabin loor level for

inlet airlow angles of B (5°) and C (10°), respectively. Thus,

directions B and C also provide the minimum level of CO2

contaminants at the breathing zones for all passengers, 2P1

- 2P7 and the concentration level at the cabin side seats is

less than the cabin mid area. However, theCO2 contamina-

tion level is quite higher at certain points close to the pas-

sengers 2P1 and 2P7 due to poor circulation in these far re-

gions. Passengers 2P2 and 2P6 have the lowest CO2 con-

tamination level compared to the passengers in the same

cabin mid-row. In the other hand, passengers sitting in the

cabin centre (2P3, 2P4 & 2P5) are facing the highest con-
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tamination level ofCO2. This is can be attributed to that the

breathing zones of thosepassengers lie in the coreof the air-

low eddies, hence the circulating air spendsmuch time un-

til it’s dilutedwith the fresh air compared to the passengers

sit faraway from cabin centre. The concentration level im-

proved slightly with inlet airlow angle C (10°) compared to

angle B (5°), specially for the cabin centre region as shown

in Figure 10 (b).

Fig. 10 . Contours of CO2 concentration for passengers’

breathing zones (2P1 : 2P7) at the cabin mid-row and

level 1.4m, (a)- direction B (5°), (b)- direction C (10°.)

IV. CONCLUSION

The effects of changing the inlet airlow angle on the

airlow, temperature and CO2 concentration ields inside

three-rows cabin section of B767-300 commercial aircraft

is investigatednumerically usingAnsys-Fluent. Six inlet air-

low directions of A (0°), B (5°), C (10°), D (20°), E (30°)

& F (45°) are studied in the present paper. The numerical

results were validated and compared against the published

experimental measurements. The quality of air inside the

aircraft cabin for each angle is evaluated and analysed in-

side the whole cabin and at passengers’ breathing zones.

The numerical results showed that the quality of mixing air,

temperature distribution andCO2 contaminant level inside

the cabin affected dramatically by changing the inlet air-

low angle of the mixing air system. Small air inlet angles

provided much better air quality within the whole aircraft

cabin and passengers’ breathing zones compared to high in-

let angles. Directions B (5°) and C (10°) created the best

airlow temperature andCO2 ields within the whole cabin

that relected on the thermal and health comfort for both

passengers and crew. In contrary, directions A (0°), D (20°),

E (30°) and F (45°) provided poor air and temperature

ields and high CO2 contaminant level within the whole

cabin. This can be attributed to the existence of strong and

large swirls that generate in case of high inlet airlow an-

gles, hence improper air distribution, high temperature and

highCO2 levels inside thewhole aircraft cabin. Passengers’

breathing zones were isolated and studied individually to

ind the appropriate inlet airlow angle among the investi-

gated six cases. The results indicated that, directions B (5°)

and C (10°) also presented the best characteristics of air-

low, temperature andCO2 level. However, both angles pro-

ducedminimumCO2 levels at the cabin side seats, direction

C (10°) showed better results of CO2 levels at cabin mid-

row compared to direction B (5°). The results reported in

this research could provide meaningful guidelines towards

studying more approaches to improve the mixing air distri-

bution system in the existing aircrafts’ ventilation systems.
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