94 roxics

Article

Comparison of Indoor Air Quality in Summer and Winter
According to Four-Way Cassette Fan Coil Unit Operation in
a Four-Bed Ward

Jungsuk Lee ', Ik-Hyun An !, Su-Hoon Park !, Kyung-Rae Lee !, Young-Won Kim ? and Se-Jin Yook 1-*

check for
updates

Citation: Lee, J.; An, I.-H; Park, S.-H.;
Lee, K.-R.; Kim, Y.-W.; Yook, S.-].
Comparison of Indoor Air Quality in
Summer and Winter According to
Four-Way Cassette Fan Coil Unit
Operation in a Four-Bed Ward. Toxics
2022,10,504. https://doi.org/
10.3390/toxics10090504

Academic Editor: Peter Franklin

Received: 7 July 2022
Accepted: 26 August 2022
Published: 28 August 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/).

School of Mechanical Engineering, Hanyang University, Seoul 04763, Korea

Green Energy & Nano Technology R&D Group, Korea Institute of Industrial Technology,
Gwangju 61012, Korea

*  Correspondence: ysjnuri@hanyang.ac.kr

Abstract: This study targeted a four-bed ward with a ventilation system and a four-way cassette
fan coil unit (4-way FCU) installed on the ceiling. The indoor air quality under summer and winter
conditions was comparatively analyzed. The age of air was calculated by conducting tests and
simulations under diverse conditions, assuming that the ventilation system and 4-way FCU were
continuously operating. The use of an air cleaner and ward curtain was investigated for its impact
on the air quality in the breathing zone of a patient lying on the bed, and effects of the airflow
and discharge angle of the 4-way FCU were considered. Because the 4-way FCU was installed in
the central part of the ceiling, where indoor air is sucked in and subsequently discharged in four
directions, the age of air at each bed was found to vary depending on the airflow and discharge angle
of the 4-way FCU. When the airflow and discharge angle of the 4-way FCU was fixed, the age of air
at each bed appeared to be lower during winter heating than in summer cooling mode. The age of
air was significantly lowered at each bed, depending on the use of the curtain and the air cleaner
along with the ventilation system and 4-way FCU, and appropriate seasonal operating conditions
were identified to maintain a lower age of air at each bed.

Keywords: indoor air quality; age of air; fan coil unit; ventilation system; air cleaner

1. Introduction

The recent COVID-19 global epidemic caused rampant infection, which led to in-
creased interest in the spread of viruses. The COVID-19 pandemic has made people more
active indoors and led to many cases of infection in confined indoor spaces [1-5]. Virus
infection transmission is largely divided into droplet infection and airborne infection [6].
In droplet infection, the virus can spread to nearby people through coughing or sneezing,
generally occurring when the particle size is 5 um or larger. In contrast, airborne infection
is caused by particles including viruses, generated from sneezing or breath flow along
air currents, and can cause infection in an unspecified number of people at a distance;
the particle size here is chiefly smaller than 5 pm. In the case of COVID-19, the size of
the virus particle was found to range between 0.06-0.14 um [7]. Van Doremalen et al. [8]
conducted a study on the survival time of coronavirus, and it was reported that the virus
can survive for up to three hours in the form of an aerosol. Therefore, it is highly likely that
the COVID-19 virus is transmitted via airborne infection. Additionally, the possibility of
airborne COVID-19 infection has recently been recognized [9].

Airborne infection refers to transmission by airflow when droplets generated through
coughing or sneezing become small-sized particles by evaporation. Fears et al. [10] showed
that coronavirus can be particularized, and confirmed that the sprayed virus particles
can be suspended for an extended period of time. Setti et al. [11] identified movement
of the COVID-19 virus in the atmosphere, and recognized its association with a high
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concentration of Particulate Matter less than 10 um (PMjp). Yao et al. [12] investigated
the relationship between PM concentrations and mortality of COVID-19. They indicated
that higher PM, 5 and PMj, concentrations were related to higher COVID-19 mortality
rates. Somsen et al. [13] conducted an experiment to determine how long droplets emitted
through coughing stayed in an experimental chamber equipped with ventilation facilities. It
was confirmed that lower levels of ventilation led to failure in quickly eliminating droplets
and to their persistence indoors. Most studies found that the spread of coronavirus is
highly correlated with PM concentration levels, which means that poor indoor ventilation
can increase the likelihood of the virus spreading.

Elsaid and Ahmed [14] suggested using ventilation systems equipped with high-
efficiency particulate air (HEPA) filters, continuously supplying clean air into air-conditioned
places to limit the propagation of COVID-19 viruses. Srivastava et al. [15] considered a
situation where an infected person was in an office building and reported that increasing
the ventilation flow rate was helpful for reducing the infection risk indoors. Dai and
Zhao [16] investigated the relationship between ventilation rate and infection probability
and suggested ensuring a sufficient ventilation rate per infected person. Therefore, to
control the spread of coronavirus, indoor ventilation is essential, and there have been
several studies to address this. Noh et al. [17] studied the effect of using a ventilation
system and air cleaner on indoor air quality in a laboratory simulation of a four-bed ward.
It was found that indoor air quality significantly improved when ventilation systems and
air cleaners were simultaneously utilized. Noh and Yook [18] observed changes in indoor
air quality depending on the number of air cleaners operating in school classrooms. They
confirmed that particles could be quickly removed from rooms when multiple air cleaners
were operating. Casagrande and Piller [19] conducted a study on the removal of contam-
inants using a laminar airflow ventilation system attached to the ceiling of an operating
room, and a portable laminar airflow system. Consequently, they identified different levels
of removed contaminants depending on flow patterns and the amount of ventilation. Liu
and Lin [20] studied air quality in a bedroom by attaching a ventilation system around the
bed, and confirmed that higher ventilation flow resulted in lower age of air. Yin et al. [21]
evaluated ventilation performance in a situation where a person was lying on a bed in
a test chamber, and confirmed that the air quality can be determined by the ventilation
flow rate and air temperature. Hormigos-Jimenez et al. [22] experimented by altering
the furniture arrangements in a test chamber. Their findings indicated that the age of air
varied based on the furniture arrangement under the same flow rate conditions. Akbari
and Salmanzadeh [23] studied indoor air quality based on ventilation and the operation
of an air cleaner in an office. The age of air differed depending on the ventilation method
and position of the air cleaner. By numerical analysis, Rabanillo-Herrero et al. [24] studied
ventilation efficiency in an L-shaped room and confirmed that ventilation efficiency can
vary depending on location of air inlet and outlet. Navaratnam et al. [25] reviewed the latest
engineering control preventive measures for reducing the spread of COVID-19 viruses,
and suggested installing ventilation systems with ultraviolet germicidal irradiation and
bipolar ionization.

It is necessary to operate an air conditioner to maintain proper indoor temperature,
and its contribution has been underpinned by many studies. Meiss et al. [26] confirmed
that flow pattern can vary indoors depending on the temperature of the inflowing air
from outside according to season. According to Ishiguro et al. [27], flow patterns and
temperature distributions may differ due to the flow rate of ceiling air-conditioners in
offices. Kato and Yang [28] studied ventilation effects with the simultaneous operation of a
wall-mounted air conditioner and air cleaner in an office. They confirmed that ventilation
efficiency was affected by the area of the air cleaner outlet. Lee et al. [29] conducted a study
on the effect of the louver angle and attachment location of a wall-mounted air-conditioner
in a test chamber, and confirmed that the age of air indoors differed based on the louver
angle. Most studies relating to usage of air-conditioners to maintain appropriate indoor
temperature have focused only on the effects of air conditioners; studies of indoor air
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quality relating to the simultaneous operation of flow generators other than air conditioners
were found to be insufficient.

It is crucial to purify the air in a ward with immunocompromised patients. Particularly,
operation of the air-conditioning system is essential to maintain the body temperatures
of these patients. A ventilation system and portable air cleaner can be used in hospital
rooms for air purification. Recently, four-way ceiling fan coil units (4-way FCU) have been
widely used for cooling and heating hospital rooms. However, there has been insufficient
research on the relationship between each airflow generator in cases where diffierent
airflow generators, such as fan coil units, ventilation systems, and air cleaners, are used
simultaneously in hospital rooms. Since the operating conditions of cooling and heating in
hospital rooms may vary seasonally, it is necessary to analyze indoor air quality according
to the seasonal operating conditions of the 4-way FCU and air cleaner. In this study, particle-
removal experiments and numerical analysis were conducted to calculate and compare the
age of air in a four-bed ward. Appropriate conditions for operating the 4-way FCU were
analyzed in terms of indoor air quality, and in relation to the effects of ventilation systems,
air cleaners, curtains, etc. in a four-bed hospital ward.

2. Materials and Methods
2.1. Description of Ward

Figure 1 shows the spatial structure that simulated the four-bed ward. The room size
was 8.5 x 5 x 2.85 m, and the room space volume was 118.3 m>. Four hospital beds were
placed near the wall in the room, and one bed (Bed 2) was separated from the wall by
the building column. The extent of separation was equal to the thickness of the column.
Curtains were installed for each bed so that the space could be divided independently as
needed. The ventilation system was connected to two air inlets and two outlets.Air inlets
were installed on the ceiling of the areas with Beds 2 and 4, respectively, and outlets were
installed on the ceiling of the areas with Beds 1 and 3, respectively. One four-way cassette
fan coil unit (4-way FCU) was installed at a location close to the center of the ceiling, slightly
tilted toward Beds 1 and 2. An air cleaner (0.46 x 0.37 x 0.58 m) was placed at a height
of 0.5 m from the floor and installed 0.6 m away from the center of one wall, near to the
ventilation outlet. The air cleaner sucked the air from its rear side and discharged it from
the top.

Ventilation

Inlet
System / \

Air Conditioner 7

- “Ventilation &

Curtain .
285m

s

Cleaner

(b)

Figure 1. Cont.
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Figure 1. Composition of the four-bed ward laboratory: (a) laboratory photograph; (b) isometric
view; (c) floor plan.

2.2. Experimental Method

Experiments were conducted for two seasonal situations (summer and winter) to
understand the effect of the 4-way FCU on indoor air quality according to season. The
temperature by height was measured using a total of 21 T-type thermocouples at various
locations in the room. The temperature measurement results were secured using data
collection devices (i.e., NI cDAQ-9178 and NI 9213, National Instruments, Austin, TX, USA).
The flow rates of various airflow generators were measured using a volume flow hood
(Model testo 420, Testo, Inc., Titisee-Neustadt, Baden-Wiirttemberg, Germany). Tables 1
and 2 present the experimental conditions when operating the cooling function of the 4-way
FCU in summer and those when operating the heating function of the 4-way FCU in winter,
respectively. The ventilation system and 4-way FCU were always in operation. Based on
the operation of air cleaners, use of curtains, flow rate, and discharge angle for the 4-way
FCU, 16 cases were set for each season, and the experiment was conducted. The total flow
rate of the ventilation system was 534 CMH. The temperature range of air inflow to the
room through the ventilation inlet was 28-32 °C in summer, and 13-17 °C in winter. Total
flow rate of the 4-way FCU was 584 and 706 CMH in low and high conditions, respectively.
The 4-way FCU recirculated the room’s air. The temperature of air discharged from the
4-way FCU was 15.5 and 40 °C in summer and winter, respectively.

Table 1. Cases for cooling mode of the four-way cassette fan coil unit in summer.

Summer Season Case

Case Vesntilation Air Cleaner Curtain Four-TNay Cassette Fan Coil Unit
ystem Flow Discharge Angle  Flow Rate

S1 On Off Not Used 60° Low
52 On Off Not Used 60° High
S3 On Off Not Used 30° Low
54 On Off Not Used 30° High
S5 On Off Used 60° Low
56 On Off Used 60° High
S7 On Off Used 30° Low
S8 On Off Used 30° High

S9 On On Not Used 60° Low
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Table 1. Cont.

Summer Season Case

Case Vesntilation Air Cleaner Curtain Four—TNay Cassette Fan Coil Unit
ystem Flow Discharge Angle  Flow Rate
S10 On On Not Used 60° High
S11 On On Not Used 30° Low
S12 On On Not Used 30° High
S13 On On Used 60° Low
S14 On On Used 60° High
S15 On On Used 30° Low
S16 On On Used 30° High

Table 2. Cases for heating mode of the four-way cassette fan coil unit in winter.

Winter Season Case

Case Vesntilation Air Cleaner Curtain Four—TNay Cassette Fan Coil Unit
ystem Flow Discharge Angle  Flow Rate
W1 On Off Not Used 60° Low
W2 On Off Not Used 60° High
W3 On Off Not Used 45° Low
W4 On Off Not Used 45° High
W5 On Off Used 60° Low
W6 On Off Used 60° High
W7 On Off Used 45° Low
W8 On Off Used 45° High
W9 On On Not Used 60° Low
W10 On On Not Used 60° High
Wi1 On On Not Used 45° Low
Wi2 On On Not Used 45° High
W13 On On Used 60° Low
W14 On On Used 60° High
W15 On On Used 45° Low
W16 On On Used 45° High

The high value of the angle between the ceiling and the air outlet of the 4-way FCU
was set to 60°, so that air discharged from the 4-way FCU reached the hospital bed directly.
The lower values of discharge angle for the 4-way FCU in summer and winter were set
to 30° and 45°, respectively. This was done considering that cold exhaust air adequately
reached the lower part of the room in summer, while hot exhaust air did not reach the
lower part well in winter due to the density difference. The flow rate of the air cleaner was
288 CMH.

The method of Noh et al. [17] was introduced to determine the age of air by using
aerosols. As shown in Figure 1, a condensation particle counter (CPC; Model CPC-0701,
HCT Co., Ltd., Korea) was employed to measure particle number concentrations at seven
locations, indicated from I-VII. After burning incense in a confined room, a fan was used for
15 min so that the particles from the incense were evenly distributed throughout the room.
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Subsequently, the fan was turned off and 15 min elapsed until indoor particle number
concentration values were stabilized. Then, the ventilation system, air cleaner, and 4-way
FCU were operated simultaneously. Figure 2 indicates an example of the particle number
concentration measurement result, and shows the temporal changes of the particle number
concentrations measured at position IV under the conditions of Cases 52 and W2. Here, the
y-axis value represents the normalized particle number concentration using the particle
number concentration value when the indoor flow was stabilized (time = 0 min) through
the operation of various flow generators. As illustrated in Figure 2, the particle number
concentration at each measurement location showed an exponential decrease. Therefore,
the temporal change in particle number concentration was expressed using the following
equation [17]:

C:Co—i-Aexp(—i) 1)

here, C is the particle number concentration, Cy is the convergence value of the particle
number concentration after a long time, A is the initial particle number concentration, ¢ is
the measurement time, and 7 is the age of air obtained from the experimental results.

1.2

® (Case S2-Point IV

1.0 0 Case W2 - Point 1V

C(t)/ C(0)

80

Time [min]

Figure 2. One of the measurement results for particle number concentration over time.

2.3. Numerical Method

ANSYS FLUENT Release 16.1, a commercial CFD code, was utilized to simulate the
flow, temperature, and age of air for the space indicated in Figure 1. The flow was assumed
to be steady-state, incompressible, and turbulent, and the k-¢ realizable model was utilized
for turbulence analysis [19,21]. For each flow generator, a velocity inlet condition was set
at a position for discharging air into the room, a pressure outlet condition was applied to
the position where air was sucked from the room, and the mass flow rate of the sucked
air was equalized to that at the outlet. Meanwhile, no-slip conditions were set for all the
walls. All walls in the ward were assumed to be at a uniform temperature. The indoor wall
and air temperatures were set to 30 and 15 °C in summer and winter, respectively. The
temperature of air discharged from the ventilation inlet and air cleaner into the room was
set to 30 and 15 °C in summer and winter, respectively. The temperature of air discharged
from the 4-way FCU was set to 15.5 and 40 °C in summer and winter, respectively. To
calculate the age of air using CFD, the following equations were solved [30]:
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here, ® indicates the age of air, u; is the flow velocity, p is the air density, j is the diffusion
term, and D, and Dy indicate molecular diffusivity and turbulent diffusivity, respectively.
The age of air at the outlets of the ventilation system and air cleaner was set to 0 considering
that the ventilation system and air cleaner were equipped with HEPA filters. Given that
the filter used in the 4-way FCU had very low collection efficiency, the age of air at the
outlet of the 4-way FCU was set to be the same as the average age of air introduced through
the inlet.

3. Results and Discussion

Figure 3 exemplifies the distribution of flow velocity, temperature, and age of air
predicted by simulation; the left side exhibits the result of Case S2 in summer, and the right
shows the outcome of Case W2 in winter. As shown in Figure 3a, in summer, cold air from
the 4-way FCU reaches the floor adequately. In contrast, during winter, warm air from
the 4-way FCU does not reach the floor, but rises again at a height of about 1.6 m. This is
because the flow pattern can be changed under the influence of a heat source, due to the
thermal buoyancy effect [31-33]. Accordingly, the predicted indoor temperature in winter
varied significantly based on height, while the indoor temperature in summer appeared
relatively even (Figure 3b). The analysis results of the age of air presented in Figure 3¢
confirmed that the average value of the age of air at the inlet of the 4-way FCU was well
reflected at the outlet. Hence, the age of air varied depending on the cooling and heating
operational conditions according to season.

Velocity [m/s] Velocity [m/s]
I 1.96 I 1.96
1.47 1.47
Foos Fo9s
!
0.49 0.49
0.00 ) Summer 0.00 Winter
(a)
Temperature [°C] Temperature [°C]
m 400 [ m 40.0
339 339
B 273 B 278
l
!
216 e I ?Tnl ig,l
155 ) Summer I 155 Winter

(b)

Figure 3. Cont.
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Figure 3. One of the simulation results (left: Case S2 in summer, right: Case W2 in winter); (a) velocity
contour; (b) temperature contour; (c) age of air contour.

Figure 4 shows the comparison between the experiment and simulation of the temper-
ature distributions for Case S2 in summer. It was found that the temperature distribution
by height at locations I-VII was highly consistent. Meanwhile, Figure 5a shows the com-
parison between experimental and simulation age of air at a height of 0.85 m from the floor,
at locations I-VII for Case S2 in summer and Case W2 in winter, and confirms that they
were highly consistent. In both summer and winter, the age of air was found to be low
at locations II and VII, where clean air was directly introduced from the ventilation inlet.
Figure 5b presents the comparison results for the age-of-air values at seven locations for all
cases in Tables 1 and 2 between the experiment and the simulation; the error was within
£10% and had a good accord. Thus, the simulation method applied in this study has a
confirmed high prediction accuracy.

Because this study focuses on the age of air in a four-bed ward, it was assumed that
patients were lying on each bed. Thus, the age of air in the patients” breathing zone was
analyzed. Since the previous verification results confirmed that the prediction accuracy
of the simulation was high, the simulation results were compared and analyzed. It was
assumed that the ventilation system and 4-way FCU were always in operation, and a
comparative analysis on the age of air was conducted based on the usage status of curtain
and air cleaner and the operation conditions of the 4-way FCU.

Figure 6a shows a comparison of the age of air in summer when the air cleaner was
not in operation and the curtain was folded; Figure 6b presents the comparison of the age
of air in winter. There was a change in the age of air per bed based on the flow rate and
discharge angle of the 4-way FCU. However, it was difficult to find a general tendency. In
the summer cooling mode, the age of air at Bed 3 was higher than for the other beds. This
was largely attributable to the location of Bed 3, which was closer to one of the ventilation
outlets. Bed 1 was also located closer to another ventilation outlet, but the age of air at
this location was lower than that of Bed 3, because Bed 1 was located closer to the 4-way
FCU, so relatively cleaner air from the 4-way FCU reached the location. Although Beds 2
and 4 were closer to ventilation inlets, they showed similar values for age of air to that
of Bed 1. This is because the 4-way FCU was located between the ventilation inlets and
outlets. Hence, air was spread to this area that had stayed indoors for a longer time than
the air supplied from the ventilation inlets. Conversely, when comparing the age of air
in summer and winter under the same conditions (i.e., S1 vs. W1, S2 vs. W2, etc.), the
age of air appeared lower in winter than in summer, and similar age of air values were
found regardless of bed locations. This is due to the presence of a large flow-circulation
pattern throughout the entire room in summer, when the cold air from the 4-way FCU
adequately reached the floor. In contrast, the warm air from the 4-way FCU did not reach
the floor in winter and mainly circulated in the upper part of the room (due to the relatively
rapid speed of airflows circulating in the upper part). Therefore, in winter, clean air from
ventilation inlets was spread to each bed comparatively quickly. Since the 4-way FCU
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sucks the room’s air into its central intake and discharges the air through its four outlets,
the 4-way FCU can expedite air circulation in the ward and as a result enhance air quality
in regions where clean air from the ventilation inlets cannot be supplied efficiently. In
the view of the air quality in the breathing zones of patients lying on the beds, this effect
became more noticeable in the winter heating mode than in the summer cooling, due to
faster air circulation in the upper part of the room caused by the thermal buoyancy effect.
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Figure 4. Comparison of experimental and simulation results for temperature distribution by height

at seven locations in laboratory.
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Figure 5. Comparison of age of air between experiment and simulation; (a) comparison of Cases S2
and W2; (b) comparison of all cases in summer and winter.
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Figure 6. Comparison of age of air at bed location by season (in cases of ventilation system operation,
four-way cassette fan coil unit operation, non-operation of air cleaner, no use of curtain): (a) summer;
(b) winter.
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Figure 7 gives comparison of the age of air when the curtains on all beds were fully
unfolded, without operation of the air cleaner. Since each bed was placed in a relatively
independent space due to the use of curtains, the age of air appeared lower in Beds 2 and 4
that were located under the ventilation inlets. In contrast, the age of air appeared higher
in Beds 1 and 3, located below the ventilation outlets. The age of air appeared lower for
Bed 2 than Bed 4, and lower for Bed 1 than Bed 3. This was because Beds 1 and 2 were
located relatively closer to the 4-way FCU, so the air from the 4-way FCU spread faster in
the area. There was no general tendency in the change of age of air in line with the flow
rate of the 4-way FCU, but the age of air was generally lowered when the discharge angle
was increased after fixing the flow rate of the 4-way FCU, except in the case of Bed 3 in
summer. This is because when the air discharge angle of the 4-way FCU was larger (i.e.,
60°), air from the 4-way FCU contributed to more active re-circulation of air in the relatively
independent spaces of Beds 2 and 4, located below the ventilation inlets. This resulted
in smoother inhalation of clean air from ventilation inlets into the inlet part of the 4-way
FCU. Conversely, when the discharge angle of the 4-way FCU became smaller (i.e., 30° or
45°), air from the 4-way FCU was partly expelled into the space between the upper end of
the curtain and the ceiling, which led to relatively slower re-circulation of air within the
relatively independent spaces of Beds 2 and 4. On comparison under the same conditions
(i.e., S5 vs. W5, 56 vs. W6, etc.) when the 4-way FCU was operating in heating mode in
winter, the age of air appeared lower compared with cooling mode in summer. This is
compliant with the previous results. When all curtains were fully unfolded in the four-bed
ward equipped with the ventilation system (and without the air cleaner), adjustment of the
discharge angle of the 4-way FCU is recommended such that the air from the 4-way FCU
can directly reach the relatively independent spaces below the ventilation inlets. This helps
clean air from the ventilation inlets to enter the 4-way FCU and be spread to the regions
where the clean air cannot be supplied efficiently.
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Figure 7. Comparison of age of air at bed location by season (in cases of ventilation system operation,
four-way cassette fan coil unit operation, non-operation of air cleaner, and use of curtain): (a) summer;
(b) winter.

Figure 8 presents comparison of the age of air based on operating conditions of the
4-way FCU in a situation where the air cleaner was operated, and the curtain was folded.
Compared with the results in Figure 6, where neither the air cleaner nor the curtain was
used, the age of air was significantly lowered. This was because more clean air flowed
into the room due to usage of the air cleaner. In addition, a similar level of age of air was
found for all beds in each case. This is because clean air was more smoothly supplied
to Bed 3 by operating the air cleaner near the ventilation outlets. As shown in Figure 8a,
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when the 4-way FCU was operating in the cooling mode in summer, Case S9 showed a
significantly lower age of air compared to other cases for all beds. The reason for thise
results is that the flow rate of the 4-way FCU was lower in Case S9, and the discharge angle
was larger compared to other cases. Hence, the flow circulation in the central part of the
room in which the beds were gathered became more active. In contrast, interference with
the airflow from the air cleaner was reduced, and consequently air of a lower age could be
inhaled into the 4-way FCU. Therefore, the age of air at the inlet part of the 4-way FCU was
482.5 s in Case S9, which was lower on average by 138 s compared to that of other cases.
However, as shown in Figure 8b, when the 4-way FCU was operating in the heating mode
in winter, the age of air was overall lower than in summer. This was already shown in the
previous results. The age of air was found to be almost identical on comparison by bed
location, except for W9 and W10 conditions for Bed 4. There was no significant difference,
but among the winter conditions (W9-12), W11 showed a slightly lower average age of air.
Operating an air cleaner in addition to the ventilation system can enhance overall indoor
air quality. Moreover, in the view of the air quality in the breathing zones of patients lying
on the beds with all curtains folded, the 4-way FCU can be operated under any conditions
of flow rate and discharge angle in the winter heating mode, whereas it is recommended to
operate the 4-way FCU under the conditions of low flow rate and large discharge angle in
the summer cooling mode.
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Figure 8. Comparison of age of air at bed location by season (in cases of ventilation system operation,
four-way cassette fan coil unit operation, operation of air cleaner, and no use of curtain): (a) summer;
(b) winter.

Figure 9 shows comparison of the age of air based on operational conditions of the
4-way FCU in a situation where the air cleaner was operated, and curtains of all beds were
unfolded. It was difficult to find a general tendency to describe the effect of the 4-way
FCU'’s flow rate or discharge angle on the age of air. Compared with the results of Figure 7
where the air cleaner was not in operation, the age of air appeared relatively lower at
Beds 2 and 4 located closer to the ventilation inlets. However, the age of air appeared
significantly lower for all beds due to the use of the air cleaner. Based on the results in
Figure 9a, no significant difference was found when comparing the average age of air for
each bed location in summer. However, the average value of age of air was found to be
slightly lower under the conditions of S16. In contrast, when comparing the age of air
between summer and winter under the same conditions (i.e., S13 vs. W13, S14 vs. W14,
etc.), it can be found that the difference in age of air by season was slightly reduced, unlike
in Figures 6-8. This is because the clean air that was discharged upwards from the air
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cleaner moved in a desirable direction along the ceiling of the passage, connecting the
positions III-IV-V after unfolding the curtain. The air was more effectively sucked by
the 4-way FCU, and was well distributed indoors through the four outlets of the 4-way
FCU. Figure 9b compares the average age of air for each bed location in winter, and reveals
that the average age of air appeared slightly lower in the W13 condition. When the 4-way
FCU, ventilation system, and air cleaner were simultaneously operating with all curtains
unfolded, the air cleaner should be placed so that the clean air discharged from the air
cleaner can be efficiently sucked into the 4-way FCU. There was little noticeable difference
in the air quality in the breathing zones of patients lying on the beds, dependent on the
flow rate and discharge angle of the 4-way FCU.
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Figure 9. Comparison of age of air at bed location by season (in cases of ventilation system operation,
four-way cassette fan coil unit operation, operation of air cleaner, and use of curtain): (a) summer;
(b) winter.

4. Conclusions

This study compared and analyzed the age of air at the respiratory position of patients
who were assumed to be lying on beds in a four-bed ward. Analysis was carried out based
on the cooling (summer) and heating (winter) modes of the 4-way FCU.

When only the ventilation system and the 4-way FCU were in operation and the
curtains were folded, the following method was effective for improving the air quality
at each bed: Clean air from the ventilation inlets moved adequately into the 4-way FCU,
and subsequently reached the locations containing beds via the four outlets of the 4-way
FCU. When the flow rate and discharge angle of the 4-way FCU were fixed, the age of
air at the hospital beds was lower in the heating mode during winter than in the cooling
mode during summer. Conversely, if the curtains were fully unfolded to create a somewhat
independent space around each bed, the age of air appeared lower in areas where the beds
were under ventilation inlets or closer to the 4-way FCU. There was no general tendency of
change in the age of air in line with the flow rate of the 4-way FCU. However, Bed 3 was
relatively far from the 4-way FCU and located under the ventilation outlet. Here, the age of
air around the bed decreased as the discharge angle of the 4-way FCU increased; this was
an exceptional case.

In contrast, it was confirmed that indoor air quality can be greatly improved by
operating an air cleaner in a four-bed ward in addition to a ventilation system and 4-way
FCU. Even when the air cleaner was operated simultaneously and the curtain was not
used, the age of air at the hospital bed was lower in the winter heating mode than in the
summer cooling mode, under conditions in which the flow rate and discharge angle of the
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4-way FCU were fixed. In order to improve the air quality at each bed when the curtains
were folded, it was helpful to decrease the flow rate and increase the discharge angle of
the 4-way FCU in summer, and to decrease the flow rate and discharge angle in winter. In
order to improve the air quality at hospital beds when the curtains were fully unfolded,
a higher flow rate and lower discharge angle of the 4-way FCU were slightly effective in
summer. In winter, a lower flow rate and higher discharge angle had minimal effectiveness,
but there was no significant difference in terms of the average age of air at each bed.

It was found that the 4-way FCU is generally helpful for improving the air quality in
regions where clean air from ventilation inlets cannot be supplied efficiently. In order to
maximize the improvement of local air quality in a four-bed ward, the 4-way FCU needs
to be operated so that clean air discharged from the ventilation inlets or the air cleaner
can efficiently be sucked into the 4-way FCU. In addition, if the 4-way FCU operational
conditions are controlled based on the results of this study, it can be expected that the air
quality in the breathing zones of the patients lying on the beds can be well maintained at
all times. It was confirmed that using an air cleaner in a ward with a ventilation system
and 4-way FCU greatly contributed to improving the air quality in the ward. In general,
the arrangements of ventilation inlets or outlets and a 4-way FCU in a four-bed ward
are often very similar to the conditions set in this study. Furthermore, it is not easy to
change the arrangement since these airflow generators are fixed to the ceiling. However, air
cleaners can be utilized at any location, and so further research is encouraged on measures
to improve more effectively the air quality around patient beds, based on the location of air
cleaners and quantity of equipment in operation.
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