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Abstract: A novel displacement ventilation system (DVS) was designed using a four-way cassette
fan coil unit (FCU) and air purifiers (APs) for supplying clean air. The proposed DVS in this study
involved drawing indoor air through the FCU and diffusers installed in the ceiling, controlling air
temperature using the FCU, and then discharging it back into the office through the APs placed on
the floor. The comparative ventilation system considered was the typical mixing ventilation system
(MVS) that intakes and exhausts indoor air using diffusers installed on the ceiling. The local mean
age of air was used as an index to compare indoor air quality between DVS and MVS under winter
heating conditions. It was found that the DVS was more effective in improving indoor air quality
in winter than the MVS. Moreover, compared to the MVS, utilizing the DVS designed in this study
resulted in the advantage of a much more uniform air temperature variation in the office space.
Therefore, it is anticipated that modifying the structure of an indoor space with an FCU installed
in the ceiling and APs on the floor to use the DVS designed in this study would greatly assist in
enhancing indoor air quality.

Keywords: indoor air quality; age of air; displacement ventilation system; mixing ventilation system

1. Introduction

Since the first outbreak of COVID-19 in December 2019, over 500 million people have
been infected, and more than 6 million have died due to the virus [1]. The spread of
the virus can be largely categorized into droplet transmission and airborne transmission.
Especially, airborne transmission refers to the transport of the virus contained within
droplets smaller than 5 µm, traveling as aerosols along the flow of air, leading to infections.
The size of the COVID-19 virus has been observed to range from 0.06 to 0.14 µm, enabling
the virus to remain suspended in the air for extended periods, thereby making it possible
to be transported along indoor air currents [2,3]. Therefore, similar to the SARS-CoV
outbreak in 2002 and the MERS-CoV outbreak in 2015, there has been significant concern
about the potential for COVID-19 to spread through the air and infect via the respiratory
system [4–10]. Many modern people spend more than 87% of their daily lives indoors [11].
To prevent the spread of viruses in indoor spaces, it is important to monitor various
environmental factors indoors [12,13], and especially it is essential to control indoor air
currents using ventilation devices. According to Li et al. [14], there is a high likelihood
of the virus spreading through the air in crowded spaces if there is no proper ventilation.
Numerous cases of the virus spreading in the form of airborne transmission have been
reported in indoor spaces such as restaurants [14], public transportation [15], hospitals [16],
airplanes [17], and offices [18] when ventilation was not properly maintained. Because
indoor ventilation is very important to reduce the likelihood of virus spreading, various
studies on ventilation have been conducted to improve indoor air quality [19–27].
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Since many people spend a long time indoors during the day, not only indoor air
quality but also thermal comfort are important factors that can impact human health. To
maintain indoor thermal comfort, it is essential to maintain an appropriate temperature.
While separate heating or cooling devices can be installed for this purpose, in many cases,
the heating, ventilating, and air conditioning (HVAC) system is used to control the tem-
perature. The mixing ventilation system (MVS) is currently the most widely used air
conditioning system. MVS supplies outdoor air and mixes it with indoor air to provide
improved air quality. MVS offers the benefit of quickly achieving uniform temperature and
humidity levels across the entire area, making it advantageous for use in diverse environ-
mental conditions. Particularly, MVS is useful in spaces with architectural constraints due
to its structurally simple nature. In the meanwhile, the displacement ventilation system
(DVS) supplies air at a low velocity near the floor and exhausts it through outlets in the
upper layer [28,29]. DVS is effective in spaces where heat loads primarily come from people
or machinery, and it particularly demonstrates excellent efficiency in environments like
offices or residential spaces where people spend the majority of their time sitting.

Many studies have compared the performance of MVS and DVS, shedding light on
the distinct effects and efficiency between these two systems. Yin et al. [30] confirmed
that DVS can either provide better or worse air quality depending on the position of the
exhaust outlets in patient wards, compared with MVS. Ahn et al. [31] compared the energy
efficiency of MVS and DVS in partitioned office spaces, and they found that MVS was
more advantageous in energy savings when diffusers were used for each partitioned zone,
whereas DVS demonstrated superior energy efficiency and ventilation effectiveness when a
single diffuser was used for multiple partitioned zones. Wang et al. [32] compared the char-
acteristics of pollution exposure induced by human surface chemical reactions in a space
equipped with MVS or DVS, and they concluded that using DVS led to distinct changes in
pollutant concentrations in the breathing zone while MVS was relatively more influential
at controlling pollution exposure. Wei et al. [33] were able to reduce the maximum mist
concentration by more than 70% in a factory with high oil mist using DVS. Zhao et al. [34]
investigated the ventilation performance of four different air distribution methods under
summer and winter conditions, and reported that DVS showed superior performance for
efficient air distribution and temperature control in classrooms compared to other methods.
Rencken et al. [35] investigated the distribution of aerosol concentrations in classrooms
under various conditions. They found that with a typical ventilation system, the indoor
aerosol concentration is not uniform at all points, but is actually 50% higher at the level of
human respiration, and emphasized the need for DVS.

As abovementioned, many studies have been conducted on the analysis of air quality
based on the use of indoor airflow-generating devices. However, there is a notable lack of
research focusing on improving air quality at the respiratory height of people who spend
a long time indoors. This study focused on offices where workers spend a considerable
amount of time. It was aimed to enhance the overall air quality in the office, especially
considering the fact that workers predominantly sit for extended periods in the office, and
ways to improve air quality at the height of the respiratory zone were specifically researched.
In spaces where mechanical ventilation systems like MVS and DVS are not installed, a
four-way cassette fan coil unit (FCU) is often used for indoor temperature control while
an air purifier (AP) operates independently for the removal of indoor pollutants. In such
configurations, temperature distribution is often uneven and areas with poor air quality can
arise. There has been a lack of research addressing this issue, for a situation where FCU and
AP are operated independently. In this study, we aimed to depart from the conventional
approach of independently operating FCUs and APs and instead propose a new method of
integrating these two devices to introduce a novel DVS approach. The reason for selecting
the DVS approach is because there is concern that MVS may spread air containing viruses
over long distances [28,30,36]. A common index for evaluating air quality is the age of air,
which indicates the time taken for clean air entering the indoor space to reach a specific
point. Hence, the local mean age of air (LMA) signifies how quickly fresh air is delivered to
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a particular location, with a lower LMA indicating better air quality at that position. To date,
there has been no study comparing the LMA between MVS and DVS when warm air is
supplied from the ventilation system inlet, nor has there been any papers comparing LMA
based on the supplied air temperature. In this study, therefore, a DVS utilizing an FCU
and multiple APs was designed to effectively utilize the buoyancy generated by the use of
heating systems during the winter, thereby reducing the LMA. The air quality resulting
from the use of DVS was evaluated through experiments and numerical analysis, and was
compared with the air quality resulting from the typical use of MVS. Furthermore, changes
in LMA based on the temperature and flowrate of the air discharged from the ventilation
system were analyzed.

2. Materials and Methods
2.1. Description of Office

Based on a review of previous studies [19–30], ventilation type, ventilation flowrate,
and indoor temperature were chosen as the process variables affecting ventilation efficiency.
As shown in Figure 1a, the ventilation system, designed for this study as a DVS, had the
ventilation inlet (VI) located near the floor while the ventilation outlet (VO) was mounted
on the ceiling. The ventilation system displayed in Figure 1b, representative of a typical
MVS, had both the VI and VO positioned on the ceiling. Figure 2 illustrates the structure of
an actual office space where the DVS was installed. The office dimensions were 15.7 m ×
6.8 m × 3.8 m, and the volume of the ventilated space was approximately 268 m3 excluding
a central area blocked by walls. The office was composed of a larger space (Room 1), a
smaller space (Room 2), and a corridor connecting the two spaces. In the office interior,
significant considerations were given to desks, partitions, and shelves which could greatly
influence the airflow. For the implementation of DVS, 10 diffusers and 1 four-way cassette
fan coil unit (FCU) mounted on the ceiling and four air purifiers (APs) installed near the
floor on the walls were used. The FCU used in this study was equipped with inverter
technology to minimize temperature fluctuations. The modified FCU was connected to all
diffusers and APs using ducts, and all these ducts were insulated to minimize thermal loss.
Moreover, dampers were integrated into the air supply duct lines, allowing for automatic
airflow control. The indoor air drawn through the center of the FCU and the 10 diffusers
was conditioned by the FCU and then introduced into the interior through the four APs. In
other words, instead of directly discharging air into the room, the FCU utilized the APs,
which were connected through ducts, as VIs to release the air. Of the total ventilation
flowrate drawn, 30% was accounted for by the FCU and the remaining 70% by the 10 VOs.
The four APs, equipped with HEPA-grade filters, operated at identical flowrates. The APs
installed in Room 1 and the corridor discharged air through all four sides, whereas the AP
in Room 2 released air through just one side.
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Figure 3 displays the schematic of the office equipped with the Improved DVS. Com-
pared to the DVS in Figure 2, the diffusers used as VO in the Improved DVS of Figure 3
remained the same in terms of count and location. However, the number of APs used as VI
was increased. Specifically, for the Improved DVS, two additional APs were installed in
Room 1, augmenting the original two, and one additional AP was placed in Room 2, in
addition to the original one. In the DVS illustrated in Figure 2, air was discharged from
all four sides of each AP. In this case, the clean air coming from the wall-facing side of
each AP directly collided with the wall and rose towards the ceiling, thus failing to reach
the central indoor space directly. In contrast, in the Improved DVS shown in Figure 3, air
was released only through the two or three sides of each AP placed on a corner or on a
flat wall, excluding the side(s) facing the wall. In other words, all the air, which used to
be discharged through four sides of each AP, was now being discharged through two or
three sides. Consequently, the air could enter the central indoor area at a faster velocity
than before, making a more direct contribution to improving indoor air quality.
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Figure 4 displays a schematic of an office space with the same shape as shown in
Figures 2 and 3, but with an MVS applied. In the office with the MVS applied, the number
and placement of the diffusers were identical to those of the DVS, but neither FCU nor AP
was utilized. In both Room 1 and Room 2, four diffusers were present; for each space, two
served as VIs and the other two as VOs. The corridor was equipped with two diffusers,
one of which was used as a VI and the other as a VO. Consequently, the air drawn from the
interior through a total of five VOs was processed by the ventilation system for particle
removal and temperature adjustment, and was introduced into the interior through the five
VIs. To compare the air quality between the DVS and MVS, the total ventilation flowrate
and supply air temperature were set as identical for each ventilation system. As shown in
Table 1, the total ventilation flowrate was varied in three levels: 640 m3/h, 910 m3/h, and
1180 m3/h. The set temperature on the indoor air control panel was changed to two values:
22 ◦C and 27 ◦C. Thus, six different cases were considered for each ventilation system.
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Table 1. Cases of ventilation system type, ventilation flowrate, and temperature setting.

Case Ventilation Type Ventilation Flowrate
(m3/h)

Temperature Setting
(◦C)

A

DVS

640
22

B 27

C
910

22
D 27

E
1180

22
F 27

G

MVS

640
22

H 27

I
910

22
J 27

K
1180

22
L 27
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2.2. Numerical Method

To compare local mean age of air (LMA) during winter in offices with the DVS
(Figure 2), Improved DVS (Figure 3), and MVS (Figure 4), simulations of the air flow and
the age of air were conducted using the CFD code, ANSYS FLUENT Release 2021 R1. The
flow was assumed to be three-dimensional, steady, incompressible, and turbulent. The k-ε
realizable turbulence model, known to be suitable for indoor turbulent flow analysis, was
employed [37–39]. For flow analysis, the following governing equations were solved [40].

Mass Conservation Equation:

∂ρ

∂t
+∇·

(
ρ
→
u
)
= 0 (1)

Momentum Conservation Equation:

∂
(

ρ
→
u
)

∂t
+∇·

(
ρ
→
u
→
u
)
= −∇p + ρ

→
g +

→
F (2)

Energy Conservation Equation:

∂(ρE)
∂t

+∇·
(→

u (ρE + p)
)
= −∇·

(
∑

j
hj

→
J j

)
+ Sh (3)

Turbulent kinetic energy, k:

∂

∂t
(ρk) +

∂

∂xj

(
ρkuj

)
=

∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+ Gk + Gb − ρϵ − YM + Sk (4)

Turbulent dissipation rate, ϵ:

∂

∂t
(ρϵ) +

∂

∂xj

(
ρϵuj

)
=

∂

∂xj

[(
µ +

µt

σϵ

)
∂ϵ

∂xj

]
+ ρC1Sϵ − ρC2

ϵ2

k +
√

νϵ
+ C1ϵ

ϵ

k
C3ϵGb + Sϵ (5)

where

C1 = max
[

0.43,
η

η + 5

]
, η = S

k
ϵ

, S =
√

2SijSji , C1ϵ = 1.44, C2 = 1.9, C3ϵ = tanh
∣∣∣ υ
u

∣∣∣ (6)

Here, ρ is the density (kg/m3),
→
u is the velocity (m/s), p is the pressure (Pa), and

ρ
→
g and

→
F are the gravitational body force and external body force, respectively. ν is the

kinematic viscosity (m2/s), E is the total energy (J/kg), hj is the specific enthalpy of species

j (J/kg),
→
J j is the dispersion motion vector for species j (kg/m2·s), Sh is the energy source

term, µ is the viscosity (Pa·s), µt is the turbulent viscosity (Pa·s), Gk is the turbulence kinetic
energy generation term, Gb is the buoyancy-induced turbulence kinetic energy generation
term, and YM is the rate of energy dissipation due to compressibility in turbulent flows. Sk
and Sϵ are user-defined source terms. S is the modulus of the mean rate-of-strain tensor. σk
and σϵ are the turbulent Prandtl numbers for k and ϵ, respectively. u is the flow velocity
component perpendicular to the gravitational direction (m/s), and υ is the flow velocity
component along the gravitational direction (m/s).

The convergence criterion for iterative calculations of these equations was set to 10−3.
As boundary conditions for the flow analysis, a no-slip condition was imposed on all wall
surfaces, a mass flow inlet condition was set for the APs or VI-diffusers discharging air into
the room, and a pressure outlet–target mass flowrate condition was set for the VO-diffusers
drawing air from the room. In particular, the total mass flowrates for the VIs and VOs were
set to be equal. Referring to experimental results, the air temperatures discharged from the
APs or VI-diffusers were set to 33 ◦C and 35 ◦C when the indoor temperature control panel
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was set to 22 ◦C and 27 ◦C, respectively. The temperatures of all indoor wall surfaces were
set to 20 ◦C and 23 ◦C when the indoor temperature control panel settings were 22 ◦C and
27 ◦C, respectively.

The LMA was determined by solving the following Passive Scalar Transport Equa-
tion [41,42]:

∂

∂xi
ρuiΦ −

.
J

∂Φ
∂xi

= ρ (7)

.
J = −(ρDm + ρDi)

∂Φ
∂xi

(8)

Here, ui is the velocity (m/s), Φ is the age of air (s), j is the diffusion term (kg/m2·s),
Dm is the molecular diffusivity (m2/s), and Di is the turbulent diffusivity (m2/s). A
convergence criterion of 10−12 was applied to these equations. Considering that HEPA-
grade filters were used in the APs and ventilation devices, the age of air at the outlet of the
APs or VI-diffusers was set to zero.

To determine the type and size of the grid for analysis, a grid independence test was
conducted. Consideration was given to both tetrahedral mesh and polyhedral mesh as grid
types, and the mesh size was varied within the range of 30–120 mm. Figure 5 illustrates
the average age of air over the entire volume of the calculation domain as a function of the
number of grids. In the case of the polyhedral mesh, it was observed that the average age of
air changed by 0.26% when the mesh size was reduced from 40 mm to 30 mm. It was found
that using a tetrahedral mesh required a significantly higher number of grids compared
to the polyhedral mesh. Therefore, to reduce computation time, the polyhedral mesh was
chosen as the grid type, and the grid size was determined to be 40 mm. Figure 6a displays
the grid system created for the office space using the polyhedral mesh, and the number
of grids determined through the grid independence test was approximately 2.32 million.
Considering the need for a denser grid configuration around diffusers where air was either
discharged or drawn in, the grid size for the diffusers was set to 7.5 mm. Figure 6b shows
the grid configuration for the diffusers installed on the ceiling.
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2.3. Experimental Method

To ascertain the LMA in the office space where a DVS with VIs installed on the floor
and VOs on the ceiling was applied (see Figure 2), an experiment was conducted during
the winter, with both heating and ventilation operating simultaneously. Experiments were
conducted under the conditions of Case C and Case D as presented in Table 1, and the
total ventilation flowrate was set to 910 m3/h. The ventilation flowrate was checked by
measuring the speed of air discharged from all AP surfaces using a velocity meter (Model
AMI310, KIMO, Montpon, Dordogne, France). As indicated by the triangular points (▲)
in Figure 2b, temperatures were measured using T-type thermocouples at one location
each in Room 1, Room 2, and the corridor. At each location, temperature measurements
were conducted at heights of 1.1 m, 2.2 m, and 3.0 m, taking into account the laboratory
height of 3.8 m, using relatively evenly spaced intervals. The indoor temperature was
set to either 22 ◦C or 27 ◦C on the FCU control panel, and during the experiment, the air
temperature within the office was measured to range between 22 and 24 ◦C or 25 and 29 ◦C
for each respective setting. Furthermore, when the indoor set temperature on the FCU
control panel was 22 ◦C or 27 ◦C, the temperature of the air discharged through the APs
used as VI was measured to be 33 ± 0.7 ◦C or 35 ± 0.9 ◦C, respectively. During the course
of the experiment, the temperature of the office wall surfaces was measured to be 20 ◦C
and 23 ◦C when the set temperatures on the indoor temperature control panel were 22 ◦C
and 27 ◦C, respectively.

To experimentally determine the age of air, the step-down method was employed,
which progressively reduces the particle number concentration starting from an initial
value [43]. In Figure 2b, at the five locations indicated by circular points (•), i.e., three
in Room 1, one in Room 2, and one in the corridor, particle number concentrations were
measured using five optical particle counters (OPC; Model 1.108, Grimm Co., Ltd., Ainring,
Bayern, Germany). Taking into consideration the respiratory height of an adult seated in
an office chair, the height for particle number concentration measurement was set at 1.1 m
from the floor [36,44]. Incense was burned inside the office to produce a large number of
particles, and multiple air circulators were employed to ensure an even distribution of
particle number concentration throughout the indoor space. Once a uniform distribution
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of particle number concentration was achieved, the air circulators were turned off and a
waiting period of approximately 15 min was observed to allow the indoor air currents to
stabilize. Subsequently, both the ventilation equipment and the FCU were activated. After
achieving a stabilized air current, changes in particle number concentration were measured
for over 80 min. This experiment was repeated three times for each case.

Figure 7 illustrates the changes in particle number concentration measured at five loca-
tions under the condition of Case C, as an example of results obtained after the stabilization
of air currents with the DVS in operation. The y-axis values are normalized using the
particle number concentration at the initial time. Although the rate of decrease in particle
number concentration varied at each location, the concentration was observed to decrease
exponentially at all positions. The faster the reduction in particle number concentration,
the quicker the improvement in air quality due to the introduction of clean air. Therefore,
the following equation was used to represent the measured particle number concentration
results [42,43]:

C = C0 + A exp
(
− t

τ

)
(9)

where C represents the particle number concentration over time (m−3), C0 denotes the
convergence value of particle number concentration after a long duration (m−3), A is the
initial particle number concentration (m−3), t is the measurement time (s), and τ signifies
the age of air (s).

Buildings 2024, 14, x FOR PEER REVIEW 10 of 20 
 

 

number of particles, and multiple air circulators were employed to ensure an even distri-
bution of particle number concentration throughout the indoor space. Once a uniform 
distribution of particle number concentration was achieved, the air circulators were 
turned off and a waiting period of approximately 15 min was observed to allow the indoor 
air currents to stabilize. Subsequently, both the ventilation equipment and the FCU were 
activated. After achieving a stabilized air current, changes in particle number concentra-
tion were measured for over 80 min. This experiment was repeated three times for each case. 

Figure 7 illustrates the changes in particle number concentration measured at five 
locations under the condition of Case C, as an example of results obtained after the stabi-
lization of air currents with the DVS in operation. The y-axis values are normalized using 
the particle number concentration at the initial time. Although the rate of decrease in par-
ticle number concentration varied at each location, the concentration was observed to de-
crease exponentially at all positions. The faster the reduction in particle number concen-
tration, the quicker the improvement in air quality due to the introduction of clean air. 
Therefore, the following equation was used to represent the measured particle number 
concentration results [42,43]: 𝐶 = 𝐶 + 𝐴 exp − 𝑡𝜏  (9) 

where C represents the particle number concentration over time (m−3), C0 denotes the con-
vergence value of particle number concentration after a long duration (m−3), A is the initial 
particle number concentration (m−3), t is the measurement time (s), and τ signifies the age 
of air (s). 

 
Figure 7. Decay of particle number concentration with time (Case C). 

3. Results and Discussion 
As shown in Figure 8, the temperatures at the measurement locations for Case C and 

Case D, where DVS was applied, were compared between the experiment and simulation. 
At the three measurement locations, the temperature was found to be distributed closely 
to the indoor temperature set by the FCU control panel, and as the height increased, the 
temperature slightly rose. This is because warm air rose upward due to buoyancy. Under 
the conditions of the indoor set temperature of both 22 °C and 27 °C, the temperatures at 

Figure 7. Decay of particle number concentration with time (Case C).

3. Results and Discussion

As shown in Figure 8, the temperatures at the measurement locations for Case C and
Case D, where DVS was applied, were compared between the experiment and simulation.
At the three measurement locations, the temperature was found to be distributed closely
to the indoor temperature set by the FCU control panel, and as the height increased, the
temperature slightly rose. This is because warm air rose upward due to buoyancy. Under
the conditions of the indoor set temperature of both 22 ◦C and 27 ◦C, the temperatures at the
measurement sites were observed to match well between the experiment and simulation.
From this, it was confirmed that the simulation accurately interpreted the convective heat
transfer characteristics due to complex turbulent flow [45]. On the other hand, Figure 9a,b
compares the LMA at the five locations between the experiment and simulation, where
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particle number concentrations were measured for Case C and Case D, respectively. The
experimental measurements and simulation predictions matched well, and the error was
found to be within 10%. Based on the above temperature and LMA comparison results,
the high prediction accuracy of the simulation method used in this study was confirmed.
Therefore, the airflow, temperature, and age of air for the DVS cases listed in Table 1 were
predicted using the simulation method. The MVS shown in Figure 4 is the most widely
used ventilation system. Hence, simulation methods for the MVS are well established in
many previous studies. Accordingly, the MVS cases listed in Table 1 were analyzed by
referencing the analysis techniques of preceding studies [42,46].
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Figure 10 displays the temperature distribution in the office for Cases C, D, I, and J,
where the ventilation flowrate was set to 910 m3/h. Vertical cross-sections in Room 1 and
Room 2 were located at the center along the length and width, and horizontal cross-sections
were positioned at a height of 1.1 m from the floor, taking into consideration the respiratory
location of a seated adult. In Case C, as shown in Figure 10a,c, where DVS or Improved
DVS was applied, a relatively uniform temperature distribution ranging from 20 to 24 ◦C
was observed from the floor to the ceiling across the entire office space, except for the area
surrounding the APs used as VO; this can also be corroborated by the results in Figure 8.
For Case D, as illustrated in Figure 10b,d, even though it employed the same ventilation
method as Case C, the temperature in the office space was distributed higher, ranging from
24 to 28 ◦C, due to the higher set temperature on the FCU control panel. Nevertheless, in
Case D, a relatively uniform temperature distribution was still formed across the entire
office space, excluding the area near the APs. Meanwhile, Figure 10e,f show the results for
the Case I and Case J, respectively, when a typical MVS was applied; although the average
temperature ranges in the entire office space were similar to those of Case C and Case
D, a difference was noted in the temperature distribution based on height, with a greater
temperature deviation compared to Cases C and D where DVS was implemented. The
reason for this difference is that warm air was emitted from the floor-mounted APs and
rose due to buoyancy in the cases where DVS was applied, causing convection across the
entire office space, while the warm air discharged from the ceiling-mounted VI-diffusers
did not reach the floor due to its relatively lower density in the cases with MVS, causing
convection mostly in the upper area of the office space. In this way, it is anticipated that the
DVS and Improved DVS, which exhibited a more uniform temperature distribution, can be
beneficial for enhancing thermal comfort in indoor environments such as office spaces.



Buildings 2024, 14, 115 12 of 20

Buildings 2024, 14, x FOR PEER REVIEW 12 of 20 
 

 

is anticipated that the DVS and Improved DVS, which exhibited a more uniform temper-
ature distribution, can be beneficial for enhancing thermal comfort in indoor environ-
ments such as office spaces. 

 
(a) 

 
(b) 

Figure 9. Comparison of the age of air between experiment and simulation: (a) Case C; (b) Case D. Figure 9. Comparison of the age of air between experiment and simulation: (a) Case C; (b) Case D.



Buildings 2024, 14, 115 13 of 20
Buildings 2024, 14, x FOR PEER REVIEW 13 of 20 
 

 

 
(a) 

 
(b) 

 
(c) 

Figure 10. Cont.



Buildings 2024, 14, 115 14 of 20
Buildings 2024, 14, x FOR PEER REVIEW 14 of 20 
 

 

 
(d) 

 
(e) 

 
(f) 

Figure 10. Simulation results of temperature distribution in the office: (a) Case C with DVS; (b) Case 
D with DVS; (c) Case C with Improved DVS; (d) Case D with Improved DVS; (e) Case I with MVS; 
and (f) Case J with MVS. 

Figure 10. Simulation results of temperature distribution in the office: (a) Case C with DVS; (b) Case
D with DVS; (c) Case C with Improved DVS; (d) Case D with Improved DVS; (e) Case I with MVS;
and (f) Case J with MVS.



Buildings 2024, 14, 115 15 of 20

Figure 11 displays the simulated results of the LMA distribution at a height of 1.1 m
from the floor, which is assumed to be the location of the respiratory system when an adult
is seated. Figure 11a,b, corresponding to offices where DVS was applied, showed similar
LMA distributions, but Case C demonstrated lower values than Case D. These results
can be attributed to the indoor air temperatures and the temperatures of air discharged
from the APs: 22–24 ◦C and 33 ± 0.7 ◦C for Case C, and 25–29 ◦C and 35 ± 0.9 ◦C for
Case D. The larger temperature difference in Case C compared to Case D led to greater
buoyancy, causing the air to circulate more quickly indoors. However, for both Cases
C and D where DVS was used, flow stagnation was observed in areas far from the APs,
resulting in higher LMA, especially in the center of Room 1 where the office partition
hindered smooth airflow, causing particularly high LMA predictions. To address this
issue, the Improved DVS shown in Figure 3 was conceived. Figure 11c,d presents the
simulation results for offices with Improved DVS applied for Cases C and D, and due
to significant reduction in flow stagnation, the LMA peak value was considerably lower
compared to the same cases with DVS. The reason behind these outcomes can be attributed
to the Improved DVS, which overcame the limitations of the previously mentioned DVS
approach by increasing the number of APs, thus allowing clean air to be supplied from
multiple locations including the area surrounded by partitions. This reduced air-stagnant
spots located too far from the APs and ensured that clean air could even be supplied to
partitioned spaces. Meanwhile, Figure 11e,f illustrates the LMA distribution for offices with
MVS applied for Cases I and J, respectively. Although Room 1 had twice the ventilation
flowrate applied compared to Room 2, since the number of VIs was the same, the jet velocity
from a single diffuser doubled, leading to the prediction that Room 1 would generally show
a lower LMA distribution. Comparing the MVS-applied cases, Case J, set at 27 ◦C, showed a
higher LMA value than Case I at 22 ◦C, due to the discharged air from the VI being warmer
(i.e., relatively lower in density), which inhibited clean air from effectively reaching the
lower office area. When comparing Cases C and I, which had the same ventilation flowrate
and set temperature but different ventilation systems, DVS displayed an average 8.9%
lower LMA than MVS. However, comparing Figure 11a,e, in the case of DVS, areas within
Room 1 that were distant from the APs and obstructed by partitions showed even higher
peak LMA values than when MVS was applied. On the other hand, as shown in Figure 11c,
the case with the Improved DVS displayed an average LMA 14.5% lower compared to
Case I in Figure 11e, and also predicted a lower peak LMA in Room 1. This trend was
similarly observed when comparing Cases D and J, with the Improved DVS showing the
best indoor air quality among the tested ventilation systems. Thus, subsequent content did
not consider DVS, but compared and analyzed Improved DVS and MVS.
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Figure 12a compares the average LMA values at a height of 1.1 m from the floor for
all considered cases, and Improved DVS showed lower average LMA values than MVS.
Notably, the LMA difference between Improved DVS and MVS was more significant when
the ventilation flowrate was lower and less significant when it was higher. For instance,
when the FCU set temperature was 22 ◦C, the relative difference in LMA between Improved
DVS and MVS was 18.6, 14.5, and 8.6% for ventilation flowrates of 640 m3/h, 910 m3/h,
and 1180 m3/h, respectively. This is because, in the case of MVS, when the ventilation
flowrate was low, clean air at a higher temperature supplied from the ceiling-mounted
VIs could not effectively descend to the respiratory level at 1.1 m, resulting in a relatively
higher LMA. This emphasizes the efficiency of the DVS approach in maintaining better air
quality even at low ventilation flowrates. As the ventilation flowrate became higher, the
increased discharge speed allowed the clean air to reach closer to the floor, thus reducing
the LMA difference with Improved DVS. Under fixed ventilation system and ventilation
flowrate conditions, the higher the FCU set temperature, the greater the average LMA.
This is believed to be because the temperature difference between indoor air and the air
discharged from the VIs was relatively larger when the FCU set temperature was 22 ◦C than
when it was 27 ◦C, resulting in faster air circulation due to greater buoyancy. Meanwhile,
considering the average height of Korean adult males [47], the average LMA value at a
height of 1.7 m from the floor was additionally analyzed, and the results are presented in
Figure 12b. The trend in the average LMA value comparison shown in Figure 12b was
similar to the results at a height of 1.1 m in Figure 12a. However, the relative difference in
the average LMA value between Improved DVS and MVS at a height of 1.7 m decreased.
For instance, with an FCU set temperature of 22 ◦C, the discrepancies between Improved
DVS and MVS were 8.0, 2.9, and 0.8% for ventilation flowrates of 640 m3/h, 910 m3/h, and
1180 m3/h, respectively. Nevertheless, Improved DVS was still predicted to provide better
indoor air quality than MVS.
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While Figure 12a,b compared the LMS values at specific heights, Figure 13 took into
account the possibility of people of various heights engaging in various activities in the
office. It compared the average LMA values within the entire volume corresponding to the
height range 0–1.8 m, assuming this to be the range where a person’s respiratory system
could be located. Consistent with the trends in the average LMA at heights of 1.1 m and
1.7 m, the average LMA for the entire space corresponding to heights 0–1.8 m was also
predicted to be lower when the FCU set temperature was lower and when the ventilation
flowrate was higher. Again, Improved DVS appeared to be better than MVS in enhancing
indoor air quality within the entire volume corresponding to the height range 0–1.8 m
under heating conditions.
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4. Conclusions

The DVS in this study utilized floor-placed APs as VI and ceiling-mounted FCU and
diffusers as VO, designed to promote smooth upward air circulation from the floor to the
ceiling during the winter season. Considering the location of the respiratory system when
people are sitting or standing in the office, the LMA values at specific heights between
DVS and MVS were evaluated and compared. Experiments were conducted in an office
equipped with the proposed DVS, operating the FCU under heating conditions in winter,
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and measuring air temperature and the age of air at various locations within the office.
These experimental results were compared with numerical analysis outcomes to validate
the reliability of the numerical techniques. Utilizing the validated numerical approach,
the distribution of the age of air in the office was simulated under various temperature
and ventilation flowrate conditions. Then, indoor air quality was compared between DVS
and MVS.

It was observed that the LMA changed when the set temperature of the FCU varied,
given that the ventilation system and ventilation flowrate remained constant. The lower the
set temperature, the greater the temperature difference between the air discharged through
the VI and the indoor air. As a result, buoyancy acted more strongly when the FCU set
temperature was 22 ◦C compared to 27 ◦C, leading to the better circulation of indoor air
and a lower LMA. This suggests the potential for guidelines on ventilation performance
based on indoor temperature settings during the winter months. In other words, when
the ventilation system operates under heating conditions, it is assessed that lowering the
indoor temperature setting within a certain range for thermal comfort can improve indoor
air quality.

In the initial model of the DVS for this study, it was observed that clean air emitted
from the APs could not circulate smoothly within the office space due to obstacles like
partitions and would become stagnant. To address this, the Improved DVS was proposed
by increasing the number of APs placed in the office space and adjusting the air outlet
surface of the AP. With the use of Improved DVS, the stagnation of the air was alleviated,
resulting in an increased uniformity of LMA distribution throughout the office space. Thus,
the Improved DVS demonstrated a more uniform LMA distribution while lowering the
average and maximum LMA values, even compared to the MVS with the same ventilation
flowrate and heat supply. The reason for this result is that, in the case of MVS, warm
air supplied from the VIs installed on the ceiling could not effectively reach the lower
space due to its lower density, leading to air circulation primarily in the upper area. In
contrast, for the Improved DVS, warm air supplied from the VIs placed on the floor rose
due to buoyancy, allowing for smooth air circulation throughout the indoor space. This
smooth air circulation of the Improved DVS, when compared to MVS, also resulted in
smaller temperature deviations at different indoor heights, thereby enhancing thermal
comfort. The Improved DVS structure devised in this study has the advantage of being
easily implemented in indoor spaces where FCU is already installed on the ceiling, simply
by restructuring and adding APs. This is expected to be greatly beneficial in improving
indoor air quality in various spaces. In the future, it will be necessary to evaluate the
performance of Improved DVS under cooling conditions in the summer and studies are
planned to accumulate data on different indoor space configurations and devise strategies
for expanding its application range. Future studies also need to be conducted to evaluate the
energy efficiency of Improved DVS by considering the energy consumption and ventilation
strategy. Furthermore, the actual system design needs to be developed to comply with
safety standards and regulations provided by organizations like the American Society
of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE), the National Fire
Protection Association (NFPA), and others.
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