
Citation: Yu, Z.; Xiao, G.; Zhang, C.;

Gui, Y.; Du, Y. Numerical Study of

Air Distribution and Evolution

Characteristics in Airliner Cabin.

Processes 2022, 10, 2621. https://

doi.org/10.3390/pr10122621

Academic Editors: Krzysztof

Rogowski and Ireneusz Zbicinski

Received: 5 November 2022

Accepted: 2 December 2022

Published: 7 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

processes

Article

Numerical Study of Air Distribution and Evolution
Characteristics in Airliner Cabin
Zhonghao Yu 1, Guangming Xiao 1, Chao Zhang 2,*, Yewei Gui 1 and Yanxia Du 1,*

1 State Key Laboratory of Aerodynamics, China Aerodynamics Research and Development Center,
Mianyang 621000, China

2 State Key Laboratory for Strength and Vibration of Mechanical Structures, School of Aerospace Engineering,
Xi’an Jiaotong University, Xi’an 710049, China

* Correspondence: zhangchao007@stu.xjtu.edu.cn (C.Z.); yanxiadu@163.com (Y.D.)

Abstract: The distribution and evolution of air in airliner cabins is an important basis for the study of
cabin thermal environment and pollutant propagation. Due to the complex heat and mass transfer
problems caused by forced and natural convection in a large-scale space, the accurate prediction of
air distribution in airliner cabins still faces huge challenges. This study takes the cabin of the Airbus
A320 as the research object. The accurate numerical simulation of the flow and heat transfer process
in an airliner cabin under mixing ventilation mode was carried out using the Hybrid Thermal Lattice
Boltzmann Method (HTLBM) combined with GPU (Graphics Processing Unit) acceleration technology,
and the influence of human thermal plumes on air distribution and evolution characteristics in an
airliner cabin was analyzed. The research shows that the human thermal plume changes the air
distribution in the passenger cabin. The thermal plume slows down the jet attenuation, increases the
energy exchange in the area near the passengers, and offsets the jet trajectory. The airflow self-locking
effect is easier to form in the passenger breathing area, which increases the time for the flow field to
develop into the steady state. The influence of human thermal plumes on the airflow distribution in
the passenger cabin cannot be ignored.

Keywords: cabin air distribution; Hybrid Thermal Lattice Boltzmann Method (HTLBM); air self-locking;
thermal plume; jet

1. Introduction

The cabin environment of the airliner is characterized by a complex structure, narrow
space, and dense personnel. The influence of passenger heat dissipation with the ambient
air temperature difference caused by the thermal plume on the organization and distri-
bution of the cabin airflow cannot be ignored [1]. With people’s increasingly demanding
requirements for thermal comfort, how to optimize the airflow organization and further
improve the environmental quality in the cabin is an important research topic in the field
of thermal management in the cabin.

At present, most of the ventilation systems used in the cabin adopt the principle of
mixing ventilation. The supply jet is blown into the cabin with a high momentum to form
a sandwich layer for air recirculation; it is effectively mixing to dilute the air and create
a clean environment before the air leaves the cabin. However, the airflow forms vortices
in some areas of the cabin in mixing ventilation systems, causing the airflow self-locking
phenomenon formed by airflow stagnation. The air pollutants spread are easily locked and
repeatedly transmitted by the airflow in the self-locking area, which greatly increases the
risk of transmission in the cabin. Zhao et al. [2] found that compared with other areas in
the cabin, the human body’s exhaled carbon dioxide concentration was relatively high in
the airflow self-locking area in their study. Bosbach et al. [3,4] of the German Aerospace
Center took the A320 cabin as the research object, experimentally studied the flow heat
transfer problem in the cabin under mixing ventilation and displacement ventilation, and
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conducted experimental research on the displacement ventilation in the cabin of a real
passenger airliner. The results show that the low airspeed provided by displacement
ventilation can better control the air temperature. As the main heat source in the cabin,
the interaction between the human thermal plume and the air supply jet is the basic
characteristic of the air distribution in the mixing ventilation mode in the cockpit of an
airliner. Kühn et al. [5] used large-scale tracer Particle Image Velocimetry (PIV) technology
to conduct an experimental study in a full-size A380 cabin model and found that different
fluxes affect the interaction between the thermal plume and supply air jet in the cabin.
Cao et al. [6] measured and compared the difference in the two-dimensional cross-section
flow field structure of the human body in a Boeing 767–300 cabin under isothermal cooling
conditions. The cabin airflow is characterized by low speed and high turbulence intensity,
and the influence of the thermal plume makes the large vortex flow in the cabin develop into
a stable small vortex flow. Furthermore, Yan et al. [7] found that passenger heat dissipation
has a significant impact on the overall and local flow fields in the cabin, which changes the
transport trajectory of exhaled particles, making the particles released by passengers with
window seats stay in the breathing area of other passengers for a longer time.

Previous studies mainly focused on the steady-state or time–mean distribution char-
acteristics of air distribution in airliner cabins through experimental measurement or
numerical simulation [8–12]. However, due to the interaction of supply air jets and thermal
plumes, the airflow has significant unsteady characteristics, which affects human comfort
and the dynamic process of pollutant propagation. Liu et al. [13] simulated the unsteady
characteristics of the human thermal plume in an enclosed space and found from the energy
spectrum of the velocity fluctuation that the thermal plume mainly fluctuated at a low
frequency of 1 Hz with an obvious intermittent phenomenon. In a cabin environment
without ventilation, the research results of Li et al. [14] showed that the development
of the human thermal plume has a certain periodicity, appearing successively every 5 s,
and the fluctuation in thermal plume velocity in different periods reveals the multiscale
characteristics of the thermal plume. For the Boeing 737–200 airliner cabin, Wang et al. [15]
used MINI-Particle Imaging Velocimetry (MINI-PIV) systems to measure the time-scale
characteristics of the human thermal plume in the seven-row cabin, which analyzes the
unsteady and chaotic behavior of human thermal plume and its oscillation characteristics
from the chaos theory. However, the understanding of the unsteady characteristics of
airflow structure and the influence mechanism of the air self-locking phenomenon in the
passenger cabin needs to be further improved, and less attention has been paid to the
evolution process of airflow structure under the coupling effect of thermal plume and
supply air jet on the time scale. Thermal comfort and pollutant transmission are not only
reflected in the stable spatial characteristics but also, more importantly, in the dynamic
change law in the time scale.

Based on this, with the support of the National Numerical Wind Tunnel Foundation
of China (NNW), this study takes the Airbus A320 cabin as the research object to accurately
predict the convective heat transfer problem under the coupling effect of human thermal
plume and supply air jet in the mixing ventilation systems in the airliner cabin. The purpose
of this study is to obtain the three-dimensional fine flow heat transfer characteristics of
air distribution and the evolution characteristics under the influence of human thermal
plumes to provide a certain reference for the fine design of thermal management systems
in the airliner cabin.

2. Numerical Model and Method
2.1. Numerical Model

Previous studies [16,17] have pointed out that in the typical air supply mode, the
results are in good agreement with the experimental data when analyzing the cabin air-flow
field simulated only in one row. To save computer resources and computing time, the
cabin model is simplified. In this study, the numerical model is shown in Figure 1, which
is modeled based on the Airbus A320 cabin, where the periodic boundary condition is
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set to represent the infinite-length cabin model, a row of economy classes is selected for
analysis, and the local location is appropriately simplified. The maximum sizes of the
cabin in the X, Y, and Z directions are 3.9 m × 2.2 m × 0.9 m, respectively, and the width
of each seat is 0.4 m, whereas the width of the center aisle is 0.44 m. The height of the
passenger’s head (when seated) is approximately 1.1 m from the floor. The air inlets are
located at the luggage rack positions, 1.6 m above the floor, and are discharged through the
exhaust port at the bottom of the side wall, where the outlets are the pressure boundary.
According to ASHRAE 161-2018 [18], the aircraft cabin ventilation system should ensure
the minimum air supply rate of 9.4 L/s per passenger, and the air supply speed in this
study is 1 m/s. Six simplified manikins are placed on the seat, which is the main heat
source in the cabin. The thermal boundary of the manikins was set as a fixed temperature
boundary, each manikin is divided into 8 segments according to the difference in heat loss,
and each segment has its temperature boundary. The temperature is set according to the
research results of Dusan et al. [19] as shown in Table 1, and the initial cabin environment
T0 = 298 K, V0 = 0.
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Figure 1. Cabin numerical model: (a) schematic diagram of the cabin model with passengers; (b) the
distribution of body segments.

Table 1. Boundary conditions.

Boundary Type: Air Inlets Aircraft Cabin

Air-Velocity (m/s)
Inlets

1
Air-Angle (◦) 45

Air-Temperature (◦C) 20.0

Boundary Type: Wall Aircraft Cabin

Temperature (◦C)

Chair Adiabatic wall
Wall Adiabatic wall

Manikins

Head 34.2
Torso 34.3

Upper Arm 33.5
Lower Arm 32.7

Hand 33.5
Upper Leg 33.7
Lower Leg 32.6

Foot 32.2

2.2. Hybrid Thermal Lattice Boltzmann Method for Predicting Cabin Heat Transfer Characteristics

Due to the simulation of the convective heat transfer process in an airliner cabin
involving multiscale flow in a complex space, there are many problems, such as compli-
cated grid generation, coupling of multi-physical influence mechanisms, and difficulty in
balancing computational efficiency and accuracy. It is difficult to use commercial software
such as FLUENT, Open-Foam, and THESEUS-FE to show the convective heat transfer
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process in the cabin. Given the natural parallelism of LBM itself, its algorithm perfectly
matches the GPU of the Single Instruction Multi-Thread (SIMT) parallel mode. In addition,
the boundary of complex geometric configurations can be processed more concisely and
effectively. According to the pre-processing results of the geometric weights of the near-
wall lattice points, the appropriate particle reflection model can accurately describe the
boundary information of fluid passing through the wall, such as mass, momentum, and
energy flow [20,21]. Therefore, in combination with GPU to achieve large-scale parallel
computing, LBM has more advantages [22,23].

Therefore, according to the characteristics of the research object, the calculation was
carried out in combination with the HTLBM calculation program independently developed
by the research group. The D3Q19 model (Figure 2) is adopted, and the evolution equation
of the flow field is as follows:

fi(x + eiδt, t + δt)− fi(x, t) = − 1
τ

[
fi(x, t)− f eq

i (x, t)
]
+ δtFi(i = 1, 2, . . . , N) (1)

where fi and f eq
i are the particle distribution function and the equilibrium state distribution

function, respectively, ei represents the particle discrete speed, δt is the time step, τ is the
dimensionless escape time, Fi is the discrete velocity space external force term, and the
external force term Fi using the Buick-Greated model [24] is expressed as:

Fi = ωi(1−
1

2τ
)

ei·F
c2

s
(2)

Processes 2022, 10, x FOR PEER REVIEW 5 of 15 
 

 

 
Figure 2. Schematic diagram of the D3Q19 model. 

The temperature field is calculated using finite difference, and the basic form of the 
energy equation is: 

( )T T T
t

α∂ + ⋅∇ = ∇ ⋅ ∇
∂

u  (7)

where α  is the thermal diffusion coefficient. Dimensionless equation (7) to realize the 
convection–diffusion equation and the lattice Boltzmann equation synergy: 

*
* * 2 *

*t
θ θ θ∂ + ⋅ ∇ = ∇

∂
u  (8)

The convection term and the diffusion terms of the convective-diffusion Equation (7) 
adopt the QUICK and second-order central differential schemes, respectively. 

To ensure the stability of the numerical calculation, the time step FDtΔ  of the finite 
difference should meet the following two conditions: 
(1) CFL condition limitation: 

FDt x uΔ < Δ  (9)

(2) Restriction condition of the diffusion term: 

2 (2 )FDt x αΔ < Δ  (10)

This determines that the final time step should meet: 

2

c

2(2 ) /
Pr .Re.

FD Lt u
u

αΔ < =  (11)

Therefore, the time interval is ∆t = 0.1 s, and the unsteady calculation time of 420347 
time steps is about 200 s, and each time step includes the calculation of flow and heat 
transfer. 

In addition, considering the complex geometry and multiscale flow characteristics in 
the airliner cabin, Large-eddy Simulation (LES) was used for the turbulence model, which 
removes vortices smaller than the filter width or given physical width from the wave-
number space or physical space in the Navier-Stokes equation, and the governing equa-
tion of the large vortices can be obtained by the expression as follows: 

0i

i

u
t x

ρρ μ ∂∂ + =
∂ ∂

 (12)

18

13
8

16

15

1

9

12

4

5

6

3

17

11

14

10

2

7

x

y

z

Figure 2. Schematic diagram of the D3Q19 model.

Furthermore, to recover the corresponding macroscopic N-S equation, the equilibrium
state distribution function is defined as follows:

f eq
i = ρωi[1 + 3ei.u +

9
2
(ei.u)

2 − 3
2

u.u] (3)

For the natural convection heat transfer process in the airliner cabin affected by gravity,
the assumed buoyancy term expression is adopted as:

F = ρgβ(T − Tc) (4)

where ρ is density, g is gravity acceleration, β is the thermal expansion coefficient, T is fluid
temperature, and Tc is cabin inlet temperature. In addition, in the Buick-Greated model,
the macroscopic density and velocity are expressed as:

ρ = ∑
i

fi = ∑
i

fi
eq (5)
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ρu = ∑
i

ei fi = ∑
i

ei fi
eq (6)

The temperature field is calculated using finite difference, and the basic form of the
energy equation is:

∂T
∂t

+ u·∇T = ∇·(α∇T) (7)

where α is the thermal diffusion coefficient. Dimensionless Equation (7) to realize the
convection-diffusion equation and the lattice Boltzmann equation synergy:

∂θ∗

∂t∗
+ u∗·∇θ∗ = ∇2θ∗ (8)

The convection term and the diffusion terms of the convective-diffusion Equation (7)
adopt the QUICK and second-order central differential schemes, respectively.

To ensure the stability of the numerical calculation, the time step ∆tFD of the finite
difference should meet the following two conditions:

(1) CFL condition limitation:

∆tFD < ∆x/u (9)

(2) Restriction condition of the diffusion term:

∆tFD < ∆x2/(2α) (10)

This determines that the final time step should meet:

∆tFD < (2α)/u2 =
2L

Pr.Re.uc
(11)

Therefore, the time interval is ∆t = 0.1 s, and the unsteady calculation time of 420,347 time
steps is about 200 s, and each time step includes the calculation of flow and heat transfer.

In addition, considering the complex geometry and multiscale flow characteristics
in the airliner cabin, Large-eddy Simulation (LES) was used for the turbulence model,
which removes vortices smaller than the filter width or given physical width from the
wave-number space or physical space in the Navier-Stokes equation, and the governing
equation of the large vortices can be obtained by the expression as follows:

∂ρ

∂t
+ µ

∂ρui
∂xi

= 0 (12)

ρ
∂ui
∂t

+ ρ
∂uiuj

∂xj
=

∂

∂xj

(
µ

∂ui
∂xj

)
− ∂p

∂xi
−

∂τij
SGS

∂xj
(13)

The standard Smagorinsky subgrid stress (SGS) model [25] is applied to the fluid flow
and heat flow, and the SGS stress is:

τij
SGS ≈ −2υSGSSij +

1
3

τSGS
kk (14)

The subgrid viscosity can be calculated as:

υSGS = (Cs∆)2S, S =

√
2∑

ij
SijSij (15)

2.3. Numerical Simulations for Validation

To verify the accuracy of the numerical method, this study adopted a benchmark
experimental case [26] as validation. The numerical model geometry, as shown in Figure 3,
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is L×W×H = 0.8 m× 0.4 m× 0.4 m. Its inlet and outlet are the same size, and the centers
are located at z = 0.36 m and z = 0.04 m on the measuring plane (y = 0.2 m), respectively.
The inlet air velocity was v = 0.225 m/s when the flow field was stable, and the velocity
distribution at the measured location and plane was compared with the experimental
results, which show that the algorithm seems to be quite feasible.
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Figure 3. Numerical model and calculation results: (a) schematic of the ventilation chamber; (b) mea-
sured and predicted x direction velocities at measuring location (red squares denote the reference
experimental data [26], black solid lines denote the simulation result using the LBM); (c) typical
airflow pattern in the model room measured with experiment [26]; (d) typical air flow pattern in the
model room simulated using LBM.

3. Numerical Results and Discussion

To analyze the distribution characteristics of the airflow tissue in the lower cabin, the
manikin was set as the adiabatic and non-isothermal heat dissipation boundary. Three
groups of cases were set, where case 1 represents human body insulation, case 2 repre-
sents the working condition of the human body non-isothermal heat dissipation and an
air supply speed of 1 m/s, case 3 represents the human body non-isothermal heat dissi-
pation and an air supply speed of 1.5 m/s. For the interface processing of the complex
geometric configurations inside the cabin, the cross-scale prediction method for an aircraft
cabin thermal environment established in a previous work [27] was adopted to generate
a standard Cartesian grid, and the boundary information of the complex configurations
is accurately mapped onto standard lattice points for calculation. In this study, the cabin
model calculates the number of grids: nx × ny × nz = 640 × 360 × 160, and all calculations
were accelerated using two Tesla A100 GPU s.

3.1. Distribution Characteristics of Airflow Organization

Considering that the cabin’s internal structure and flow field characteristics have a
certain symmetry, half of the cabin structure is taken for analysis, as shown in Figure 1a,
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and passengers are marked as A, B, and C. Figure 4 shows the distribution of the flow
lines in the cabin when the manikins’ adiabatic and non-isothermal heat dissipation are
considered. On the whole, in the mixing ventilation systems, fresh air enters the cabin in
the form of a jet and absorbs the surrounding air, forming a self-locking area of airflow
around passengers B and C and the cabin roof. In addition, when the human body is
adiabatic, the airflow near the human body is blocked and the jet effect is weakened, and
the airflow moves through the passenger breathing area to the side wall of the cabin. The
cabin airflow pattern is determined by forced convection and influenced by the geometry
of the body and the seat. The thermal plume significantly affects the air distribution in
the cabin. The human thermal plume formed by the heat dissipation of the human body
generates upward thermal buoyancy, which makes the airflow move upward near the
human body, and the airflow forms a large-scale circulation surrounding passengers A, B,
and C in the passenger area, and the air mixing effect in the cabin is enhanced. Furthermore,
the thermal plume adds extra momentum to the jet, slowing its attenuation and shifting
the jet path toward the top of the cabin. The thermal plume from the legs of the human
body drives part of the airflow upward before reaching the air outlets then participates in
the circulation of airflow in the cabin again, increasing the recirculation area in the cabin.
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ature field (case 2).

The temperature distribution in the cabin showed obvious stratification, forming local
high-temperature areas near the manikins and the side walls of the cabin. The airflow flows
around the passengers and seats are blocked, which reduces the convective heat transfer.
Under the action of large-scale circulation and intake jet entrainment, the airflow with
a low velocity in this region is mainly natural convection, and the high-temperature air
cannot be discharged in time, which leads to a poor heat transfer effect in the circulation
and self-locking area and heat accumulation. Furthermore, compared with the cold air in
the air inlet, the temperature of the cold air from the air inlet is higher when it reaches the
side wall of the cabin because of the convective heat transfer of the airflow through the
other passengers.

To compare the distribution characteristics of airflow under differences in human
thermal boundary, this study selected six representative vertical positions in the cabin
and analyzed the distribution of relevant parameters along the cabin height, as shown in
Figure 5. P1~P3 are located in front of the passenger’s torso, and P4~P6 are located between
the front of the body and the seat back. In addition, five planes were selected. Plane1 and
Plane2 are located at z = 0.6Lz and z = 0.8Lz respectively, and Plane3, Plane4, and Plane5
are sections of the passengers’ respiratory zones.
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Figure 5. Schematic diagram of analysis position.

To better compare the influence of thermal plumes on the flow field distribution, the
cabin is divided into different areas according to the characteristics of internal structure and
airflow. Figure 6 shows the cabin roof position of the flow field structure. Compared with
the adiabatic condition (Case 1), the influence of the human body thermal effect reduces the
airflow distribution area of the self-locking region, which makes the vortex center shift and
the airflow self-locking zone concentrate in the roof of the cabin. Limited by the geometric
configuration of the cabin, the approximate shape of the self-locking zone changes from
triangle to oval.
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Figure 7 shows the jet velocity and vorticity nephogram diagram of the jet flow field
in the Plane2 section under adiabatic and non-isothermal heat dissipation conditions of
the human body. Compared with the jet centerline locus of the adiabatic condition, the jet
centerline locus occurs when the human body heat in the cabin is at the top of the migration,
there is a slow attenuation, the jet stream to aisle position is at a high speed, and the flow
rate is higher than the thermal insulation of the region in the cross-section of passenger
speed. The vorticity can be used to further characterize the mixing effect of cabin air flows.
The formula of vorticity is:

ω =
∂v
∂x
− ∂u

∂y
(16)

where ν represents the y-direction velocity; u represents the x-direction velocity, the color
indicates the rotation direction of the vortex, and the interface of positive and negative
vorticity indicates the jet centerline.
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According to the results in Figure 4a, the position between passengers A and B is
under the air inlet, and the high air inlet speed makes the jet flow under both conditions
dominated by inertial force. The thermal plume strengthens the entrainment and mixing
of the jet to the surrounding air, which increases the vorticity and velocity of the non-
isothermal jet between passengers B and C. The pressure difference is caused by the uneven
velocity on both sides of the jet centerline, which leads to the upward offset of the jet
trajectory and slows down the attenuation of the jet. In addition, combined with Figure 4,
the flow direction of the thermal plume in this area is consistent with that of the large-scale
circulation on the whole. The jet adds additional driving force to strengthen the energy
transfer to the surrounding air, thus increasing the area of the jet.

Compared with the airflow distribution in the adiabatic condition, the thermal plume
greatly changes the airflow distribution in the passenger breathing area. As shown in
Figure 8, the thermal plume drives the airflow around passengers to move upward along
the manikin surface, increasing the flow velocity around the manikin. The thermal plume
is coupled with the jet flow from the air inlet and the large-scale circulation in the cabin
and forms a self-locking area in the breathing area, especially at passenger A. The thermal
plume generated by passenger A cannot penetrate the air intake jet at the manikin head
height. The upward thermal plume interacts with the downward flow of the air intake jet
and forms a self-locking area in the breathing area, showing a strong mixing effect. The
large-scale circulation velocity at passengers B and C is smaller, and the self-locking region
has a larger distribution area.

Figure 9 shows the velocity distribution at different positions, and the discontinuous
part indicates that the velocity through the seat is zero. The air velocity is stratified along
the height of the cabin. Compared with the adiabatic condition of the manikin, the air
velocity around the body is higher when the manikin non-isothermal heat dissipation,
especially at the position near the air inlet, and the obstructed air velocity of the manikin
and the seat is higher at the position far away from the manikin. Due to the influence of
heat dissipation from the legs, the airflow along the body surface makes the air velocity
above the passenger’s head (P1~P3) higher than that at positions P4~P6. In addition, the
self-locking of airflow at the head height weakens the jet effect, making the air velocity at
positions P1, P2, P4, and P5 lower.
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Figure 8. Velocity distribution of passenger breathing area: (a) passenger A; (b) passenger B; (c) pas-
senger C.
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Figure 9. Passenger position velocity distribution during adiabatic and non-isothermal conditions of
the manikins: (a) passenger A; (b) passenger B; (c) passenger C.

When the air supply velocity increases, the forced convection is strengthened, and
when the flow field reaches a steady state, the airflow forms a self-locking area in the
passenger breathing area. Moreover, at different air supply speeds, the coupling effects of
the air supply jet and hot plume are inconsistent, resulting in deviations in the distribution
position of the air self-locking region, as shown in Figure 10.
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3.2. Evolution Characteristics of Airflow Organization

As shown in Figure 11, the instantaneous velocity fields at four different time points
were selected to study the transient characteristics of cabin air distribution under the
influence of the human thermal plume. At the initial time (t = 1~10 s), when the thermal
plume is formed, the airflow has similar flow characteristics in the jet area. Compared with
the adiabatic condition, the airflow has an upward flow trend around the human body. In
the development stage of the thermal plume (t = 10~30 s), the airflow in the cabin is under
the joint effect of the air intake jet, and the thermal plume shows a strong mixing effect at
t = 10 s. The airflow velocity in the area around the manikins increases significantly, and
when the air supply speed increases, the jet deflects to the aisle faster. With the continuous
development of the thermal plume (t = 30~100 s), the interaction between the jet and the
thermal plume gradually overflows to a steady state, and an obvious upward airflow is
formed in the area around the human body. Because of the adherent effect, the airflow
velocity on the wall of the cabin luggage rack decreases. The airflow velocity in the body
area below the jet is higher than that at the top of the aisle, and the centerline of the jet shifts
and reaches the aisle position, making the position of the self-locking area shift. However,
the flow field structure in the adiabatic case has similar characteristics after t = 30 s, with less
fluctuation in the velocity distribution, and the flow field can reach the steady state faster.
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The instantaneous vorticity distribution in Figure 12 indicates that after the airflow
enters the cabin (t = 1 s), the jet is dominated by inertia force. Under the two human thermal
boundary conditions, the vorticity distribution in the jet area is consistent and has similar
flow characteristics, and the airflow has a strong energy exchange around the human body
due to the influence of human heat dissipation. With the development of the thermal
plume (t = 10 s), the mixing effect of the thermal plume and inlet jet increases, increasing
the vortex area and increasing the wind speed in the passenger area. As the forward shear
area, the jet reaches the passage area (t = 30~100 s), which essentially explains the result of
Figure 7. As the cold air enters the cabin, the interaction between the thermal plume and jet
gradually develops into a stable state, and the vortex distribution near the manikins tends
to be stable.
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Figure 13 shows the velocity distribution of the human body under different thermal
boundary conditions at different positions in the Plane1 section. The influence of the
thermal plume at the same time makes the velocity in the cabin increase, and the velocity
distribution near the head is larger. Passenger A was on the jet path, and the airflow was
mainly forced convection, so there was little difference in the velocity distribution between
human body heat insulation and heat dissipation, where the maximum velocity was the
center point of the jet. Compared with time t = 10 s, the height of the jet center shifts
upward with the development of the thermal plume (t = 30 s), which also confirms the
results in Figure 7. For passengers B and C, at the same position, the thermal plume is in
the formation stage (t = 10 s) with a large speed, and the thermal plume drives the airflow
around the passengers upward and promotes large-scale circulation in the cabin. In the
adiabatic case, the velocity around the passengers has a good consistency after t = 30 s,
and the airflow can develop into a steady state faster. The influence of the thermal plume
increases the process of the airflow in the cabin reaching a steady state.
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Figure 13. Instantaneous velocity distribution at different positions in Plane1: (a) P1; (b) P2; (c) P3.

4. Conclusions

In this study, taking the cabin of an Airbus A320 airliner as the research object, the
study on the flow and heat transfer characteristics of the manikins under mixing ventilation
systems was carried out, and the differences in the organization distribution and evolution
characteristics of airflow in the airliner cabin under different thermal boundary conditions
(manikins are adiabatic and non-isothermal) were compared and analyzed. The main
conclusions are as follows:

(1) The airflow pattern in the cabin is determined by the forced convection from the air
inlet and is affected by the human body and the seat geometry. The thermal plume caused
by the temperature difference between the heat dissipation of the human body and the
surrounding air slows down the attenuation of the jet at different air supply velocities, and
the centerline of the jet shifts to the cabin top, promoting the flow of large-scale circulation
in the cabin, and the airflow forms a complete large vortex surrounding passengers in
the cabin.

(2) The coupling effect of the air inlet jet and thermal plume has significantly changed
the organization form of the cabin airflow. It is easy to form a self-locking area of airflow
in the respiratory section of passengers, which can easily lead to the accumulation and an
increase in the transmission risk of pollutants. The influence of the human thermal effect
on the organization distribution of cabin airflow cannot be ignored.

(3) The thermal dissipation of the human body strengthens the energy exchange
of airflow around passengers, leading to heat accumulation and forming a local high-
temperature area over the window-seat passengers and the side wall of the cabin. The
interactions between the thermal plume and jet range from strong to weak and then go
to steady. Moreover, the time to reach the steady state of the flow field in the cabin with
manikins that are adiabatic is shorter than that when the manikins are non-isothermal.
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