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Abstract: Stratified air distribution systems are commonly used in large space buildings. The
research on the airflow organization of stratified air conditioners is deficient in terms of the analysis
of multivariable factors. Moreover, studies on the coupled operation of stratified air conditioners
and natural ventilation are few. In this paper, taking a Shanghai Airport Terminal departure hall for
the study, air distribution and thermal comfort of the cross-section at a height of 1.6 m are simulated
and compared under different working conditions, and the effect of natural ventilation coupling
operation is studied. The results show that the air distribution is the most uniform and the thermal
comfort is the best (predicted mean vote is 0.428, predicted percentage of dissatisfaction is 15.2%)
when the working conditions are 5.9% air supply speed, 11 ◦C cooling temperature difference and
0◦ air supply angle. With the coupled operation of natural ventilation, the thermal comfort can be
improved from Grade II to Grade I.

Keywords: stratified air conditioning; natural ventilation; large space buildings; airport terminals

1. Introduction

The large-space buildings of the airport operate non-stop throughout the year and
have a long daily use time. The inner area has a demand for cooling throughout the year [1].
Many studies have pointed out that the energy use intensity of airport terminals is signifi-
cantly higher than other common civil buildings [2], and among them, heating, ventilation
and air conditioning (HVAC) systems always occupy the largest share (40–80%) [3], which
is a big energy consumer at the airport, with obvious energy-saving potential. Adnan
Menderes airport accounts for 80% of HVAC energy consumption [4] and 86% at Soekarno-
Hatta Menderes airport [5]. Liu et al. investigated the air-conditioning systems of seven
hub terminals in China and pointed out that in terms of electricity consumption alone,
air-conditioning systems consume 30–60% [6]. In addition, the indoor space of the airport
terminal building is tall [7], the function partition is complicated, and the glass curtain
wall is used in a large area of the envelope structure [8]. Therefore, urgently alleviating the
high energy consumption of the airport has become an important task in the construction
and operation of the airport. In terms of HVAC systems, stratified air-conditioning sys-
tems [9,10], the use of natural ventilation [11], and the simulation of airflow organization
in the terminal [12] are all effective measures to reduce energy consumption.

The research and application of stratified air conditioning technology are numerous.
Wuhan New Railway Station Waiting Hall, Guangzhou New Railway Station Waiting Hall,
Japan Kansai Airport [13], Tokyo International Convention Center, Rose Park Stadium in
the United States, and Shanghai Hongqiao Airport New Terminal all adopt stratified air
conditioning technology and use computational fluid dynamics (CFD) methods to analyze
and evaluate the air distribution of stratified air conditioning. CFD is a major predictive
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tool for designing and evaluating indoor environments [14], and this method is commonly
used in the study of air distribution and thermal comfort in large space buildings [15].
Studies have shown that vertical air stratification will occur in the indoor environment
of a large space without mechanical interference [16]. The temperature of the walls and
ceiling can reach 30~45 ◦C [17], and the sunlight on the floor brings about a high intensity
heat flux (about 120~170 W/m2) [18]. In the face of a complex heat transfer environment,
optimizing the heat transfer link is of great significance to the improvement of the indoor
environment, which is also an important reason for the use of a layered air conditioning
system in a large space. The setting of different air supply parameters, such as personnel
density and fresh air volume of the unit personnel, will have an impact on the airflow
organization and thermal comfort of the stratified air conditioner [19]. With reasonable
design of the location of the air supply and return air vent, the air-conditioning system can
achieve the best indoor thermal comfort with relatively low energy consumption [18]. Yong
Wang et al. [20] research on the air conditioning system in a large space shows that the air
supply speed, air supply angle, and air supply temperature are increased reasonably, and
the air supply height is appropriately reduced, and the airflow organization effect is good.
Comparing the main influencing factors, it is found that the influence of the air supply
speed and cooling temperature difference is strong, while the influence of air supply height,
air supply angle and air vent specifications is weak [21]. The air distribution diagram of a
stratified air conditioner is shown in Figure 1.

Figure 1. Schematic diagram of airflow organization of stratified air conditioner.

When the stratified air conditioner is operated alone, part of the air is affected by
thermal buoyancy and rises and stays in the non-air-conditioned area. When it is operated
in conjunction with natural ventilation, part of the stagnant hot air is discharged outside
through the induction of natural ventilation, effectively reducing the retention of hot
air in the upper non-air-conditioned area [22]. It can be seen that the use of natural
ventilation in the stratified air conditioning system improves the quality of the indoor
thermal environment and reduces the heat consumed by the ventilation and cooling
system [23]. Ma, J. S. et al. [24] conducted a study on the location of natural ventilation
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exhaust vents in an airport terminal and compared three research plans. The results
showed that the high-position exhaust vents on the east and west walls have the best
natural ventilation effect. Cheng et al. [25] study ventilation and comfort in a multisport
facility in northeastern United States, and the result shows that rooftop vents improve
ventilation performance when there are multiple access vents distributed on the wall of the
building, and the uniformity of the opening distribution affects the ventilation efficiency.
At present, most scholars concentrated on studying the airflow organization under the
influence of different single factors of stratified air conditioning, ignoring the result of
multiple factors and lack of specific analysis of the coupled operation of stratified air
conditioning and natural ventilation. These overlooked issues will have an impact on the
airflow organization and thermal comfort of the stratified air conditioner.

Consequently, this paper took the departure hall of an airport terminal in Shanghai as
the research object to analyze the influence of multi-factors of stratified air conditioning
and the coupled operation with natural ventilation on airflow organization. Firstly, the
hotspot distribution of the departure hall was studied according to the partition function
of the departure hall and passenger behavior characteristics. Then, an airflow organization
numerical simulation model based on CFD technology was established. Air supply speed,
air temperature difference and air supply angle were carried out to analyze the influence
of multivariable factors of stratified air conditioning on the airflow organization under
summer conditions. Furthermore, the design coupling scheme of stratified air-conditioning
and natural ventilation was proposed to optimize airflow organization, and the PMV-
PPD index was used to comprehensively analyze the evaluation of air distribution under
different working conditions and determine the optimal air distribution plan.

The structure of the remaining study is as follows: the numerical simulation model is
established in Section 2. Section 3 focuses on the results and discussion of the numerical
simulation. Finally, conclusions are drawn in Section 4.

2. Model Description
2.1. Physical Model

The schematic plan of the departure hall is depicted in Figure 2. The departure hall is
of an airport terminal in Shanghai, 414 m long from east to west, 140 m long from north to
south, and about 19 m high. There are 10 check-in islands with a length of 60 m, width of
15 m and interval of 36 m. Because the building is symmetrical, 1/4 of the northwest side
of the main building is selected as the research object, with a total area of 14,490 m2.

Figure 2. Three-dimensional drawing of 1/2 of the departure hall.

In order to save calculation time and improve calculation accuracy, adaptive transfor-
mation and simplification of the departure hall are made as follows:

(1) When modeling, it should be as close as possible to the shape of the real object, but
the local parts with very complicated shapes are replaced by rectangles.
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(2) The ceiling of the hall is streamlined, and the height of the ceiling varies greatly.
In order to facilitate the use of a Cartesian coordinate system to build the model,
considering the principle of equal volume conversion, the streamlined ceiling is
simplified to a flat roof.

(3) According to the practical guidelines of Heating and Air Conditioning Design in
China (Lu Y, 2008), a total of 948 people in the hall are calculated. There are 18 rows
of seats in the hall, with 12 seats in each row, a total of 216 seats. The seats in the hall
are back-to-back. Because of the small gap between the seats, they are combined. In
the case of check-in, the remaining 732 people are standing. Assuming that there are a
certain number of people standing in front of each check-in window, the size of each
person is 0.5 × 0.2 × l.75 m, and the interval between every two persons is 0.3 m.

(4) The equipment in the hall is also simplified by rectangular modules, and the load of
the lighting equipment is evenly distributed on the ceiling of the hall.

After the above series of simplifications, the physical model of the departure hall is as
Figure 3 shows:

Figure 3. Three-dimensional model of the northwest 1/4 of the main building of the departure hall.
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In winter, the use of stratified air conditioners will increase the temperature gradient
and further increase heat loss. At the same time, in the air-conditioned area, the vertical
temperature has relatively poor uniformity [26]. Studies have shown that using radiant
floor heating in winter and stratified air distribution systems in summer have obvious
energy-saving effects. Therefore, this paper studies the air distribution of stratified air
conditioning in tall and large spaces under summer conditions. The airport terminal is
located in Shanghai. According to the local meteorological parameters, we consulted the
relevant air conditioning design manual [27] and obtained the indoor and outdoor design
parameters, as shown in Table 1.

Table 1. Indoor and outdoor design parameters.

Outdoor Design Parameters

Atmospheric pressure (Pa) 100,570
Air conditioner calculates the average daily

outdoor temperature (◦C) 31.3

Air conditioner calculates outdoor dry bulb temperature (◦C) 34.6
Air conditioner calculates outdoor wet bulb temperature (◦C) 28.2

Average outdoor wind speed in summer (m/s) 3.4
Dominant wind direction Southwest wind

Interior design parameters

Temperature 26
Relative humidity (%)◦ 55–60

Average speed of working area (m/s) ≤0.35
Fresh air volume (m3/h·P) 40

The cooling and heating load of the air conditioning in the departure hall mainly
comes from the heat gain of the enclosure structure, the heat dissipation of the personnel
and the heat dissipation of the lighting. The total cooling load of the air-conditioning
design of the whole room Q = 2405.34 KW, according to the empirical coefficient 0.7, the
cooling load of the stratified air conditioner in summer is calculated to be 1683.738 KW,
and the total air supply volume is 297,575 m3/h. Due to the large east–west span of the
departure hall, five air supply columns are set up near the check-in island, supplied from
both sides by nozzles, the air return is 0.3 m away from the ground, and the size of the
return air vent is 4.5 × 1.2 m. The natural ventilation inlet is arranged on the north side,
with an area of 45× 1 m, the air vent is arranged on the west side with an area of 100× 1 m.
When a layered air-conditioning system is used in a large space building, its load energy
saving rate is 9–19%, and the higher the floor height, the lower the air supply height, and
the higher the energy-saving rate of the stratified air conditioner. According to the practical
guidelines of Heating and Air Conditioning Design [27], the air supply height is installed
at 6 m in this paper, and the calculation results of air distribution in the departure hall are
shown in Table 2 below.

Table 2. Calculation results of air distribution in the departure hall.

Parameter Result Parameter Result

Stratified air distribution system
cooling load (KW) 1683.738 Total air supply (m3/h) 297,575

Installation height of nozzle (m) 6 Range (m) 30.69
Nozzle diameter (m) 0.5 Number of nozzles 91

Air supply speed (m/s) 7.9 Supply air temperature (°C) 19

2.2. Numerical Calculation

Based on the finite volume method, assuming that the indoor air is a three-dimensional,
incompressible, steady and turbulent ideal gas, the turbulence model selects the RNG-ε
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model, and the wall function method is often used when dealing with the mass-energy
transfer in the near wall airflow. Research shows [28] the RNG-εmodel is more accurate
than the standard-εmodel, which is suitable for the study of indoor turbulence problems
in large space buildings. This is example 1 of an equation.

∂
(
ερUj

)
∂
(
Xj
) =

(
µ+

µt
σε

)
∇2ε+ Cε1

ε

k
µtS

2 −C∗ε2ρ
ε2

k
(1)

η = Sk/ε (2)

where ρ is air density, ε is turbulent energy dissipation rate, Uj is air velocity, µ is hy-
drodynamic viscosity, µt is turbulent viscosity, k is turbulent kinetic energy, and S is the
source term.

C∗ε2 = Cε2 + Cµη3(1− η

η0
)/(1 + βη3) (3)

where η0 = 4.38, β0 = 0.012, Cµ = 0.0845, Cε1 = 1.42, Cε2 = 1.68, σk = σε = 0.7178.
Due to the large-area glass curtain wall used in the envelope structure of the airport

terminal, the effect of radiation needs to be considered. The discrete coordinate (DO)
radiation model is used to calculate the radiation propagation path and process and used to
describe the coupling of convective heat transfer and long-wave radiation energy exchange
between walls, roofs and the ground.

∇(I(r, s)s) + (α+ αs)I(r, s) = αn2σT4

π
+
σS

4π

∫ 4π

0
I(r, s)φ

(
s, s′

)
dΩ′ (4)

where r is a position vector, s is a direction vector, s′ is the scattering direction vector, α is
the absorption coefficient, n is the refractive index, αs is the scattering coefficient, α is the
Stafen–Boltzma constant, I is radiation intensity, depends on position r and direction s, T is
the local temperature, φ is the phase function, and Ω′ is a solid angle.

In this paper, the PMV-PPD index is used to evaluate the comfort of airflow orga-
nization. PMV (predicted mean vote) index is the average heat sensation index, PPD
(predicted percentage of dissatisfied) index is the average value of votes that are expected
to be dissatisfied with the thermal environment for the groups expected to be in the thermal
environment. As long as you understand the amount of activity of the human body, the
amount of clothing, the indoor temperature, humidity, wind speed, and average radiation
temperature of the person’s location, using the following formula to calculate, we can
obtain the value of PMV.

PMV = [0.303 exp(−0.36M)
+ 0.028]

{
M−W− 3.05× 10−3[5733− 6.99(M−W)− Pa]− 0.42[(M−W)− 58.15]− 1.7

× 10−5M(5867− Pa)− 0.0014M(34− ta)− 3.96× 10−8fcl[(tcl + 273)4 − (ts + 273)4]
− fclhc(tcl − ta)

(5)

where M is the human energy metabolism rate, W is the power the human body makes, Pa
is the partial pressure of water vapor, ta is air temperature, fcl is the proportion of clothing
area, ts is the average radiation temperature, tcl is the outer surface temperature of clothes,
hc is the convective heat exchange coefficient. Among them, tcl, fcl, and hc are calculated
by the following formula:

tcl = 35.7− 0.028(M−W)− Icl

{
3.96× 10−8fcl ×

[
(tcl + 273)4 − (ts + 273)4

]
+ fclhc(tcl − ta)

}
(6)

hc =

{
2.38(tcl − ta)

0.25, 2.38(tcl − ta)
0.25 > 12.1

√
ν

12.1
√
ν, 2.38(tcl − ta)

0.25 > 12.1
√
ν

(7)

fcl =

{
1.00 + 1.290Icl, Icl ≤ 0.078
1.05 + 0.645Icl, Icl > 0.078

(8)
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where ν is air velocity, and Icl is clothing thermal resistance.
PPD is the ratio between the percentage of people dissatisfied with the thermal

environment and the predicted average vote. The equation is as follows:

PPD = 100− 95 exp−{0.03353(PMV)4 + 0.2179(PMV)2} (9)

The IS07730 standard proposes that when PMV = 0, PPD = −5%, it means that the
indoor thermal environment is in the best thermal comfort state, and 5% of people are still
dissatisfied [29]. Since the recommended value is −0.5~0.5, a 10% dissatisfaction rate is
allowed. The thermal sensation distribution of the PMV value is shown in the following
Table 3.

Table 3. PMV index.

Hot
Sensation Hot Warm Slightly

Warm Moderate Slightly
Cool Cool Cold

PMV index +3 +2 +1 0 −1 −2 −3

Thermal comfort measured according to the PMV and PPD index [30], the classification
method of the thermal comfort level is shown in Table 4.

Table 4. PMV-PPD classification.

Thermal Comfort Level PMV PPD

Grade I −0.5~0.5 ≤10%
Grade II −1~0.5 ≤27%

0.5~1

2.3. Boundary Conditions

The west and north walls of the departure hall are exterior walls. A 1/4 of the
building was selected as the research object, and the east and south walls of the model are
mirrored walls. The heat transfer between the walls in the air-conditioning area is uniform,
considering the steady-state heat transfer, and the second type of boundary condition is
selected as the boundary condition. Among them, the outer wall and the outer surface of
the hall roof are not only subjected to the heat effect of the outdoor air temperature but
also the heat effect of the solar radiation, so the outdoor integrated temperature is used for
calculation. Finding the thermal parameters of the local enclosure structure requires the
constant heat flux density of the exterior wall, floor and ceiling of the air-conditioned area.
The outer wall is 30.42 w/m2, the ground is 4.5 w/m2, the ceiling is 72.31 w/m2, and the
inner wall is the normal wall temperature of 26.6 ◦C. Human body and heat dissipation
equipment are fixed heat, the lighting load is evenly distributed on the ceiling of the hall,
and the heat dissipation of personnel is evenly distributed on the ground.

Assuming that the inner surface of the terminal building is uniform in heat transfer,
the temperature of the inner surface of each wall is determined by calculation. The outer
surface of the enclosure structure is not only subjected to heat from outdoor air, but also to
heat transferred by solar radiation. Therefore, the integrated temperature formula is used
to calculate the temperature of the inner surface, and the expression is:

tz = tw +
ρI
αw

(10)

where tz is comprehensive temperature of outdoor air, tw is outdoor air temperature, ρ
is the absorption coefficient of the outer surface of the envelope structure to the solar
radiation heat transfer, I is the irradiance of the sun on the outer surface of the enclosure
structure, αw is the heat transfer coefficient of the outer surface of the envelope.
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The calculation formula of air temperature in an indoor non-air-conditioned area is:

t2 =
1
2
(t1 + t2d) (11)

t2d = tw + 2 ∼ 3 ◦C (12)

where t2 is calculated temperature of non-air-conditioned area, t1 is calculated temperature
of air-conditioned area, t2d is air temperature near the lower surface of the roof, and tw is
outdoor calculated temperature.

The calculation formula of the inner surface temperature of each wall in the air-
conditioned area and the non-air-conditioned area:

tb = tn +
K∆tzh
αn

(13)

where is tn is calculated indoor air temperature, K is the heat transfer coefficient of the
envelope structure, ∆tzh is the comprehensive temperature difference, αn is the heat transfer
coefficient of the inner surface of the wall, and generally speaking, αn = 8.72 W/(m2·◦C).

The boundary temperature values of each surface are shown in Table 5.

Table 5. Boundary temperature value of each inner surface of the departure hall wall.

Area Air-Conditioned Area Non-Air-Conditioned Area

Inner surface name
West

curtain
wall

East
wall

South
wall

North
curtain

wall
Roof

West
curtain

wall

East
wall

South
wall

North
curtain

wall
Indoor air temperature (tn/◦C) 26 26 26 26 30.15 30.15 30.15 30.15 30.15

Heat transfer coefficient of
envelope structure(k)/(W/m2·◦C) 1.8 1.8 1.8 1.8 2.04 1.8 1.8 1.8 1.8

Outdoor comprehensive
calculation

temperature(tz)/◦C
42.9 29 29 42.9 65.6 42.9 29 29 42.9

Convection heat transfer
coefficient of inner

surface(an)/(w/m2·◦C)
8.7 8.7 8.7 8.7 8.7 8.7 8.7 8.7 8.7

The inner surface temperature of
the enclosure structure(tw) 29.4 26.6 26.6 29.4 38.4 32.7 29.9 29.9 32.7

Passengers are either walking and sitting, the sensible heat dissipation can be 108 W/p,
each module in the rest area is 1296 w, and the average area of personnel is 6 m2/p [31].
There are differences in height, weight, age, and gender from person to person, and
different people may also have different heat sensations. For the calculation of PPD and
PMV indexes, we consider gender differences in indoor personnel; the average metabolic
value of a 70 kg man with a skin surface of 1.8 m2 and a 55 kg woman with a skin surface
of 1.6 m2 was used as a reference, in a comfortable environment. The lighting load is
30 W/m2, the heat flux density of the baggage conveyor belt is 15 W/m2, the heat of the CT
machine used for baggage inspection is 1500 W, and the computer’s fixed heat is 106 W. The
total air supply volume in the air-conditioning area is 297,575 m3/h, the air supply opening
adopts a spherical nozzle with a diameter of 0.5 m, the speed is 7.9 m/s, and the size of
the return air opening is 4.5 × 1.2 m, which is set as the free flow boundary. The natural
ventilation state is stable, and the air inlet adopts the speed inlet boundary condition. The
air inlet area is 45 × 1 m arranged on the north side and 9 m high. The exhaust port adopts
the boundary condition of the air vent, and the air vent area is 400 × 1 m. On the west side,
it is 100 m × 1 m and 14 m high.
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3. Results and Discussion

The main influencing factor of indoor airflow organization is the ratio of heat gain in
air-conditioned areas and non-air-conditioned areas. Factors such as air supply speed, air
supply height, air supply angle, and air supply temperature will all affect the heat gain ratio.
Studies [20] have shown that the air supply speed and air temperature difference have a
strong influence, while the air supply height, air supply angle and air vent specifications
have a weak influence. The air supply speed and the cooling temperature difference were
selected as the main influencing factors in this paper. The location and size of the openings
for natural ventilation are mainly affected by the local prevailing wind direction and wind
pressure distribution on the roof and side walls of the terminal building. The sizes of vents
form various pressure fields and pressure differences between the interior and exterior of
the vents under indoor conditions, resulting in diverse indoor air distribution. Therefore,
reasonable layout of natural ventilation is conducive to indoor air distribution to achieve
thermal comfort indicators. This research mainly selects a 1.6 m (Y = 1.6 m) for the height
of the cross-section as the discussion object. The cross-section in the working area is the
cross-section of the standing human face, and the airflow state of this cross-section has a
great impact on passengers.

3.1. The Influence of Air Supply Speed, Air Temperature Difference, and Air Supply Angle

With regards to the gas flow influencing factors of large-space nozzle jets, most re-
searchers analyzed the effect of individual factors. This paper studies the comprehensive
effects of three factors: air supply speed, cooling temperature difference, and air supply an-
gle, to obtain the optimal working conditions combination of the stratified air conditioners.
Working Condition 1 is the reference working condition, and the parameters of different
working conditions are shown in Table 6.

The temperature distribution and velocity distribution cloud diagrams of Y = 1.6 m
sections under different working conditions are shown in Figure 4.

Figure 4. Cont.
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Figure 4. Cont.
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Figure 4. Temperature field and velocity field at a height of 1.6 under different working conditions
((a–d): temperature field (◦C); (e–h): velocity field (m/s)).

Table 6. Different working conditions parameters.

Working
Condition

Cooling
Temperature

Difference (◦C)

Air Supply
Speed (m/s)

Air Supply
Angle (◦)

Natural Ventilation
Air Inlet (m2)

Natural Ventilation
Air Vent (m2)

1 7 7.9 0 North side 45 × 1 m Ceiling 100 × 1 m
2 9 5.9 15 North side 45 × 1 m Ceiling 100 × 1 m
3 6 7.9 15 North side 45 × 1 m Ceiling 100 × 1 m
4 11 5.9 0 North side 45 × 1 m Ceiling 100 × 1 m

Figure 4a–d show that the temperature distribution of Working Condition 2 and Work-
ing Condition 3 is more uniform than the temperature distribution of Working Condition
1 and Working Condition 4, and the average temperature is higher. This is because the
air supply angle is set to 15◦ upwards under Working Conditions 2 and 3, which makes
the jet have a tendency to flow upwards. Therefore, the sinking of the cold air is reduced,
and the cold air access to the air-conditioned area is small, resulting in higher tempera-
tures. Comparing the average temperature of the four working conditions, the average
temperature of Working Condition 4 is lower. This is because the cooling temperature
difference is large and the cold air diffuses faster, resulting in lower temperatures in the
air-conditioned area. The difference in temperature will affect the speed distribution. The
average temperature of Working Condition 2 is consistent with the average temperature
of Working Condition 3. Therefore, the thermal comfort effect is better as the cooling tem-
perature difference increases and the air supply speed increases, but the thermal comfort
is poor. The main influencing factors of air distribution are interrelated, and the optimal
combination can be found under the premise of meeting the design specifications.

In the four working conditions, the temperature near the seat is higher. The main
reason is that the human body on the seat dissipates heat, and the seat obstructs the flow
of air, resulting in higher temperatures on the left and right sides of the seat. After the jet
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flows through the human body, the jet attenuates and the flow rate becomes slow. The heat
exchange becomes worse, which results in high module temperatures in the waiting area.
The temperature in the area close to the south wall is obviously higher, because there is
little cold air supplied in this area, and it is necessary to arrange air vents to increase the air
supply. In Figure 4e–h, Working Conditions 2 and 3 both have air supply speed regions
that are significantly close to 1 m/s. This is because the velocity of cold air is high and
upward when the air supply angle of these two working conditions is set to 15◦ upwards.
Moreover, the airflow at the natural air inlet of the north wall is relatively violent, in which
the surrounding air is entrained and expands rapidly during the flow process. Therefore,
the air flow decays slowly, resulting in a high velocity at the interface of Y = 1.6 m. Table 7
summarizes the average value of calculated parameters in the working area (Y = 1.6m) at
different working conditions.

Table 7. Summary of the average value of calculation parameters at the working area under different
working conditions.

Working
Condition

Average
Temperature (◦C)

Average Speed
(m/s) PMV PPD (%)

1 26.4 0.394 1.32 23.6%
2 28.8 0.397 1.78 34.3%
3 28.8 0.393 1.96 33.6%
4 25.4 0.304 0.428 15.2%

Comparing the calculation parameter average value at the working area under four
working conditions, the average temperature and average speed of working Condition
4 are within the thermal comfort standard range. The PMV value is 0.428, which meets
the thermal comfort requirements. However, the PPD is 15.2%, which indicates that the
dissatisfaction is greater than 10%. This may be caused by the higher temperature in the
area near the south wall. Therefore, based on the parameters of temperature difference,
air supply speed, and air supply angle of Working Condition 4, a coupled operation of a
stratified air distribution system and natural ventilation is proposed to meet the thermal
comfort requirements.

3.2. Coupling of Stratified Air Conditioning and Natural Ventilation

The ventilation design for the non-air-conditioned area needs to consider the removal
of the upper part of the waste heat and reduce the upper air and the surface temperature
of the roof, so as to reduce the amount of radiant heat transfer and convective heat transfer
in non-air-conditioned areas. Generally, the air inlet should be located at an appropriate
height in the non-air-conditioned area, and the temperature of the air inlet should be lower
than the air temperature at the same height in the non-air-conditioned area. The lowest
position of the air inlet should be 1/3 of the height of the non-air-conditioned area [32]. In
this paper, the natural ventilation inlet is selected at 14 m.

The natural ventilation exhaust vents are arranged in two modes: the window opening
on the roof or the window opening on the side wall. Reference [33] shows that the opening
area required to set the exhaust vent with the roof skylight is smaller than that set the
exhaust vent on the high side of the wall. In this way, the ventilation efficiency is higher,
which is more conducive to natural ventilation. At the same time, the area of the exhaust
vent is based on the external surface wind pressure distribution and the air supply setting
of the indoor air conditioning. Different exhaust vent areas form varying pressure fields in
the room and a distinct pressure between the inside and outside of the skylight opening,
resulting in diverse indoor air distribution. Liu et al. [34] found that the size and location
of exhaust vents on the roof can effectively eliminate the stagnation of hot air in the upper
space formed by layered air conditioning, which can alleviate the temperature field of the
lower air conditioning control area and achieve more energy-saving and comfortable effects.
However, the effective area of the exhaust vent is not as large as possible, and it is necessary
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to find a suitable opening size through simulation. According to the practical guidelines of
Heating and Air Conditioning Design and ASHRAE [35] (American Society of Heating,
Refrigerating and Air-conditioning Engineers) standard 55-2004 design standards for
natural ventilation, it is necessary to arrange different natural vents and find a suitable vent
layout for the model. Taking working Condition 4 as the reference object, the parameters
of different working conditions are shown in Table 8.

The layout of natural ventilation openings for Working Conditions 4, 5, 6, and 7 are
shown in Figures 5–8.

Figure 5. Working Condition 4 layout of natural vents.

Figure 6. Working Condition 5 layout of natural vents.
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Figure 7. Working Condition 6 layout of natural vents.

Figure 8. Working Condition 7 layout of natural vents.

Table 8. Different working condition parameters.

Working
Condition

Cooling
Temperature

Difference (◦C)

Air Supply
Speed (m/s)

Air Supply
Angle (◦)

Natural Ventilation
Air Inlet (m2)

Natural Ventilation
Air Vent (m2)

4 11 5.9 0 45 × 1 m at north wall 100 × 1 m at ceiling

5 11 5.9 0 45 × 1 m at north wall 100 × 1 m at ceiling,
85 × 1 m at west wall

6 11 5.9 0 45 × 1 m at north wall 100 × 1 m at ceiling,
85 × 3 m at west wall

7 11 5.9 0 45 × 1 m at north wall four 45 × 3 m at ceiling,
85 × 3 m at west wall

The temperature distribution and velocity distribution cloud diagrams of the Y = 1.6 m
section under different working conditions are shown in Figure 9.
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Figure 9. Cont.
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Figure 9. Temperature field and velocity field at a height of 1.6 under different working conditions
((a–d) temperature field; (e–h) velocity field).
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From the perspective of temperature distribution, the temperature of the area near the
south wall in Figure 9a–d gradually tends to the average temperature, and there will be
no large areas with excessively high temperatures. Compared with Working Condition 4,
an air vent with a height of 14 m and an area of 85 m × 1 m on the side of the west wall
was added in Working Condition 5. Comparing Figure 9a,b, due to the effect of the wind
pressure on the surface of the exhaust vent, the area with excessively high temperature
on the south side of Figure 9a is significantly reduced. In Working Condition 6, the area
of the exhaust vent on the west wall was increased on the basis of Working Condition 5,
increased to 85× 3 m. Therefore, there is no obvious over-temperature area on the south
wall side in Figure 9c. However, the temperature on the north side is higher than the
temperature on the south side, which is because the top exhaust vent is set as a long strip
exhaust vent with a length of 100 m from north to south and a length of 1 m from east to
west. It indicates that such an arrangement of vents can reduce the ventilation efficiency.
Compared with Working Condition 5, the temperature of Working Condition 6 is evenly
distributed. On the basis of the Working Condition 6, the long-strip air vent is changed
to four north–south lengths of 3 m, the exhaust vent with a length of 45 m from east to
west are evenly distributed on the ceiling of the hall in Working Condition 7, Figure 9d
shows that the temperature distribution in the working area is more even compared with
Figure 9c.

As for the speed distribution, compared with the four working conditions of
Figure 9e–h, the speed in the waiting area in Figure 9e,f is relatively high, which does
not meet the requirements of comfortable speed in the working area. The main reason
is that the air flow at the natural air inlet of the north wall of Working Condition 4 and
Working Condition 6 is relatively violent, and the surrounding air is entrained during the
flow and the air flow expands rapidly, which means that the air flow decays slowly. As we
can see in Figure 9f, the airflow is accelerated under the action of wind pressure and the
speed decays faster. It demonstrates that the effective area of the natural exhaust vent on
the west wall in Working Condition 5 is properly arranged. The velocity distribution of
Figure 9h is more even than that of Figure 9f, because the roof exhaust vents are evenly
distributed. Compared with the previous arrangement of only one elongated exhaust vent,
this way of evenly distributing the exhaust vents is more suitable for this model. Table 9
summarizes the average value of calculated parameters in the working area under different
working conditions.

Table 9. Summary of the average value of calculation parameters in the working area under different
working conditions.

Working
Condition

Average
Temperature (◦C)

Average Speed
(m/s) PMV PPD (%)

4 25.4 0.304 0.428 15.2%
5 25.2 0.299 0.389 15.0%
6 25.1 0.323 0.295 12.9%
7 24.5 0.323 0.071 9.76%

Comparing the parameters of four working conditions, the average temperatures,
average speeds, and PMV values are within the indicators of Thermal Comfort Grade
II, while the dissatisfactions of working Conditions 4, 5 and 6 are all greater than 10%.
Since the thermal comfort evaluation requires multiple indicators to reach the specified
value, Working Condition 4, 5 and 6 cannot meet the thermal comfort requirements. Under
comprehensive evaluation, the calculation result of Working Condition 7 is the best. The
PMV value is 0.071, closed to 0, and the PPD value is 9.76%, less than 10%. The results show
that Working Condition 7 meets the thermal comfort requirements, which is consistent with
the comparison result of the temperature distribution map and the speed distribution map.
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4. Conclusions

This paper studies the coupled operation of stratified air-conditioning and natural
ventilation under the multivariable influencing factors in the departure hall of an airport
terminal. First, the effect of indoor multivariable factors on stratified air-conditioning
was simulated based on CFD, and the PMV-PPD index was used as the thermal comfort
index to determine the natural ventilation vent layout scheme suitable for the model. Then,
different designs of natural ventilation coupling operating with stratified air-conditioning
were studied. The main conclusions are as follows:

(1) The main influencing factors of the layered air conditioning design for large space
buildings are the supply air temperature difference and the supply air speed. These
two main influencing factors are mutual influence. The optimal selection of the
supply air temperature difference and the supply air speed needs to be based on
the design manual and the actual situation of the model. A coupled operation with
natural ventilation will cause an upward angle of the cool air blowing into the air-
conditioning area, resulting in a temperature rise, slow decay airflow, and wind speed
exceeding the working area of comfort. Comparing the four working conditions,
when the air supply speed is 5.9 m/s, the cooling temperature difference is 11 ◦C, the
air supply angle is 0 ◦C, and the airflow organization effect at the interface of Y = 1.6
m is the optimal. In this working condition, the PMV value is 0.428. However, the
dissatisfaction is 15.2%, which is still higher than the thermal comfort requirement
of 10%. Therefore, there is a need to further study natural ventilation to improve
thermal comfort.

(2) Natural ventilation can effectively improve thermal comfort, and the layout of the
air vent has a great influence. The area of natural vents is based on the external
surface wind pressure distribution and the air supply of the indoor air conditioner,
which means different vent areas form varying pressure fields in the room and
between the inside and outside of the skylight opening, resulting in different indoor
air distribution. After comparison of four different natural ventilation air outlet layout
schemes, setting up a 45 × 1 m air outlet at a height of 14 m on the north wall side,
an 85 × 3 m exhaust outlet on the side of the west wall, four exhaust outlets 3 m
long from north to south and 45 m long from east to west on the roof of the hall had
the best air organization effect. The PMV value is 0.071, and the dissatisfaction is
9.76%, which can be reduced by 35.8% compared with non-natural ventilation. The
numerical simulation results show that a reasonable coupling scheme of stratified
air conditioning and natural ventilation is beneficial to the distribution of indoor air
distribution and can significantly improve the environmental thermal comfort.
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