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ABSTRACT

This study investigates the ventilation mechanism and effectiveness of a displacement ventilation (DV) system
under heating conditions. A method to maintain ventilation efficiency by indirectly achieving DV was proposed.
A four-bed hospital ward with prototype wall-mounted induction units (IUs) and ceiling exhaust served as the
case study. Full-scale experiments assessed indoor temperature and tracer gas distribution, adjusting parameters
such as cubicle and window curtains, window heaters, and window heat loss. Results showed that while the
vertical temperature gradient was established, downdrafts near windows disrupted DV’s stratification, leading to
quasi-displacement ventilation with a normalized contaminant concentration of around 0.7 near patients. To
counter this, using curtains to limit air exchange between the near-window and near-bed spaces effectively
prevented the horizontal movement of contaminants toward the window. This allowed the downdraft to remain
clean and diffuse along the floor, thereby reducing the normalized concentration to approximately 0.3-0.5 b y
indirectly achieving DV. CFD numerical studies further examined this method under varied temperature con-
ditions and airflow patterns. Additionally, the infection risk in this ward was evaluated for reference, showing
that indirect DV can reduce infection probability by one-third compared to quasi-DV. Moreover, window heat
loss valued at 50-100 W/m2 achieved the best ventilation, while smaller values generated insufficient downdraft
to achieve indirect DV and larger values resulted in high floor-level velocity that accelerated contaminant
dispersion.

Nomenclature (continued)
0 Temperature (°C) SKE Standard k-¢

C Concentration (ppm) Abbreviations turbulence model
Cn Normalized concentration ACB Active Chilled Beam A6 Air temperature difference between the
1 Turbulence intensity (%) ADPI  Air Diffusion OCC’s interior and the average air

Performance Index temperature at F14+-1.1m
k Kinetic energy (m?/s%) CFD  Computational Fluid Subscripts

Dynamics b Breath
1 Length of the roll curtain (m) DV Displacement n Normalized

Ventilation P Data sampling point
n Quanta inhaled EA Exhaust Air
q Probability of infection 1A Induction Air
Q Air flow rate (m®/h) U Induction Unit

Rmix  Mixing ratio of the all-air induction unit

T Airflow temperature (°C)
Greek Symbols
€ Turbulence eddy dissipation (m?/s%)
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0CC Outdoor Climate 1. Introduction

Chamber
PA Primary Air . 1gs . . . s
. Displacement ventilation (DV) is known for its high ventilation ef-
SA Supply Air

ficiency and lower energy consumption compared to conventional
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mixing ventilation [1-3]. In a typical DV system, conditioned fresh air is
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supplied from the lower part of the room. This airflow spreads across the
floor, absorbing heat from sources such as occupants and electronic
devices. The heated air then forms thermal plumes that rise to the ceiling
due to buoyancy. Low-density pollutants, such as gaseous particles or
certain virions, are transported upward in these thermal plumes to the
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ceiling space, where they are removed by exhaust vents installed in the
ceiling. Studies and applications of DV systems have primarily focused
on factories [4,5], office buildings [6,7], classrooms or lecture halls [8,
9], large indoor spaces such as transportation terminals [10,11] and
stadium [12,13], as well as the narrow spaces such as airliner [14] and
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Fig. 1. Airflow pattern and air condition performance in a displacement ventilation room during different seasons. Improving winter ventilation by limiting hor-
izontal contaminants movement and indirectly achieving DV through the downdraft. (a)shoulder season; (b) summer-cooling; (c) winter-heating; (d) improved the
winter-heating.
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train [15] cabins. Apart from its ventilation and energy efficiency, po-
tential risks of DV, such as the impact of ceiling heights on the boundary
layer, the influence of pollution source locations, the effects of flow el-
ements and heat load, and thermal discomfort, have also been suffi-
ciently investigated and identified as solvable issues in the
aforementioned studies.

However, the DV system has a significant limitation: its effectiveness
is mainly restricted to cooling or isothermal air supply and can be dis-
rupted by the downward or upward airflow near walls or windows.
Fig. 1 shows the temperature, airflow, and contaminant distribution in
the room with the DV system during different seasons, illustrating
varying ventilation efficiency. The background color indicates the
temperature and contaminant concentration distribution. The thick ar-
rows represent the supplied airflow or near-window airflow with
different temperatures or concentrations. The thin arrows depict the
route of contaminant movement.

During the shoulder season (Fig. 1(a)), similar indoor and outdoor
temperatures allow the window to be considered an isothermal surface
without affecting indoor airflow distribution. Cooling or isothermal SA
is supplied into the occupied zone to handle indoor heat load or just for
ventilation purposes. The indoor space exhibits a simple airflow distri-
bution where contaminants are only transported upward, and the DV’s
boundary layer is influenced solely by the human plume, achieving a
stable DV with a high boundary layer height.

During the cooling season (Fig. 1(b)), upward airflow occurs near the
high-temperature exterior window glass. This increases the total value
of the upward airflow in the room, which risks decreasing the boundary
layer height of the DV. However, this influence is considered limited if
the ceiling height is sufficient or can be offset by increasing the flow rate
of the SA.

However, during the heating season (Fig. 1(c)), DV is challenging to
implement because the conditioned supply airflow tends to rise toward
the ceiling due to buoyancy. This results in insufficient fresh heating air
reaching the occupied areas, decreasing both ventilation and heating
efficiency. Additionally, downdrafts often exist near exterior windows
or walls during the heating period. These downdrafts disrupt the DV’s
boundary layer, allowing pollutants from the upper areas of the room to
enter and contaminate the occupied space, thereby decreasing the DV’s
efficiency or destroying its stratification [1,16,17]. This limitation re-
stricts the use of DV in spaces with significant indoor heat loads or
minimal need for heating, such as the scenarios introduced above. To
broaden the application of DV, current research has focused on three
main areas to maintain DV’s efficiency for heat supply.

The first approach is to use separate devices for heating or ventila-
tion. A classic combination is DV with radiant heating, such as floor
heating [18-21]. Installing radiant panels for spot heating [22] or using
the pipe-embedded window [16] are also proposed. However, the
increased lifecycle cost for these additional heating devices is a draw-
back, and the plumes and heat generated from these devices risk dis-
turbing the thermal stratification in the room.

The second approach is to adjust the supply temperature to be close
to or cooler than the room air by storing heat during unoccupied periods
[23,24], upgrading building insulation [16,25], or using portable units
to enhance the DV stratification [26]. These methods are well-designed
and have potential for energy saving, but they are still limited by specific
usage scenarios and require further examination.

The third approach is to adjust the airflow patterns, such as wall
confluent or column attachment ventilation [27-30] that utilize the
Coanda effect, supply air with more momentum like impinging jet
ventilation [31,32], or using floor-supply DV [33,34] to ensure sufficient
air volume reaches the occupied space. While these methods have a
similar mechanism to DV and achieve better ventilation performance
than traditional mixing ventilation, the increased supply momentum
limits their overall efficiency and effectiveness compared to an ideal DV
system.

In addition to improving heating performance, further study is
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warranted on the usage scenarios and air terminals for DV. Regarding
use scenarios, ventilation in general hospital wards is considered crucial.
Although infectious disease patients are primarily placed in isolation
wards, the infection risk in general wards cannot be ignored due to the
incubation period or asymptomatic infections [35,36]. Furthermore,
unpleasant odors or poor indoor air quality can adversely psycholog-
ically and physically impact both patients and visitors [37,38]. How-
ever, the application of DV in hospital wards remains controversial and
requires further investigation. The main concerns include DV’s insuffi-
cient elimination of larger bacteria-carrying particles, the creation of
high-concentration zones due to thermal stratification locking, and the
weak body thermal plume from supine patients, which decreases DV
efficiency [39-41]. Contrarily, several studies [42,43] recommend DV
for hospital wards, noting that droplets emitted by supine patients tend
to accumulate near the ceiling [44], the lock-up effect has minimal
impact on the breathing zone [45,46], and the concentrated contain-
ment can be further managed with disinfection [47]. Furthermore, DV is
sensitive to disturbances caused by occupant activities [48]. The hos-
pital ward typically has less physical activity and changeable heat load,
maintaining a more stable DV environment compared to offices or
classrooms with high occupant activity levels. Additionally, four-bed
wards usually provide sufficient distance between occupants, and
cubicle curtains around beds help prevent the spread of particles or
droplets.

Regarding the DV air terminal, a prototype all-air wall-mounted in-
duction unit (IU) was considered worthwhile for study. The IU functions
similarly to an active chilled beam (ACB) terminal but is an all-air sys-
tem without a water pipe (details will be introduced in Section 2.1). It
has energy-saving advantages by inducing room air to mix with the
supply air, avoiding the need for reheating, and reducing fan power
consumption [49]. Meanwhile, its all-air and low supply velocity design
eliminates the condensation and thermal discomfort risk associated with
ACB [50,51]. Previous studies [52,53] experimentally examined its
performance when ceiling-mounted and showed good performance for
cooling, heating, and mixing ventilation. Considering boosting the IU’s
advantages, particularly its induction mixing characteristics and low
supply velocity, our previous studies [45,54] investigated its potential
for achieving DV when vertically mounted for cooling usage. Results
indicated that stable DV could be achieved by limiting its induction and
supply area below the occupied space, with a normalized concentration
near the supine patient of less than 0.3. Thermal comfort performance,
assessed by draft rate and ADPI, also showed ideal results. However, the
all-season performance of this prototype, especially during winter
heating, which is a major challenge for DV, has not yet been
investigated.

In light of the aforementioned background and gaps in knowledge,
this study aims to investigate the ventilation and heating performance of
a DV room under winter heating conditions. The method to maintain the
ventilation efficiency will be examined and proposed. A four-bed gen-
eral hospital ward with a vertical wall-mounted induction unit (IU) was
chosen for the case study, considering the urgent need for a good indoor
environment in wards and to evaluate the IU’s winter performance,
thereby enriching our ongoing research on this prototype air terminal.

A full-scale experiment will be conducted to assess heating and
ventilation performance by evaluating indoor temperature and tracer
gas distribution under winter conditions. The influence of near-window
downdraft, cubicle curtains, window heaters, and window curtains was
also examined to determine the mechanism and efficiency of ventilation
during winter.

Without the use of additional heating or air conditioning devices, as
illustrated in Fig. 1(d), curtains or partitions were employed to limit air
exchange between the near-window and near-bed spaces by restricting
airflow through the upper part of the room. This approach prevents
near-ceiling contaminants from being entrained by the downdraft and
allows the clean downdraft to serve as the supply flow diffusing along
the floor, thereby indirectly achieving DV. The usage or the length of the
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near-window partition, and the dimension of the cubicle curtain such as
ceiling-mounted or on a suspended track, will be adjusted as parameters.

Additionally, numerical studies using CFD analysis were conducted
to examine the aforementioned methods under more varied and well-
controlled temperature conditions. Extra airflow patterns, such as
using local exhaust to boost performance or scenarios where the ceiling-
mounted IU performs mixing ventilation, will also be studied and
compared. The CFD method will be validated by comparing it to the
experimental results. The examination aimed to strengthen the indirect
DV theory and evaluate the IU’s performance by comparing the nu-
merical results. The infection risk in the ward was also evaluated for
reference.

2. Experiment setup and parameters
2.1. Full-scale laboratory and the wall induction air-conditioning system

The full-scale laboratory simulates a typical Japanese four-bed hos-
pital ward. It is situated on the third floor of a three-story building in
Osaka, Japan, and the experiment was conducted during the winters of
2022 and 2023. Fig. 2 provides an overview of the laboratory and its
furniture layout, including photographs and detailed geometric
dimensions.

The ward, measuring 7000 mm by 7000 mm with a height of 2600
mm, is considered a middle unit in the building that has one exterior
surface simulated by an outdoor climate chamber (OCC) on the west
side. The other three sides are insulated with 100 mm polystyrene foam
(U = 0.22 W/m-K), and the lower floor and ceiling chamber are air-
conditioned continuously. The OCC matches the ward’s height and
length but is 700 mm wide, with a 7 mm styrene board (U = 1.4 W/ mzK)
and 100 mm polystyrene foam layer to simulate a 10.2 m? double-layer
quartz exterior glass and the wall below it. The air temperature inside
the OCC can be controlled to a certain degree by the air conditioner or by
introducing outdoor air.

Four hospital beds, each 500 mm in height, are evenly positioned
against the walls. Cylinders measuring 1500 mm in length and 300 mm
in diameter, covered with black cloth and containing PVC heating ca-
bles, are placed on these beds to simulate patients in laying position.
Near the beds, four black lamps (incandescent bulbs covered by dark
purple glass) are situated 800 mm above the floor to represent equip-
ment heat. The total heat generation in the laboratory is 440 W, with 50
W from each cylinder and 60 W from each black lamp.

Nylon cubicle curtains, 1900 mm long, are suspended from tracks
400 mm below the ceiling and typically closed in a "U’ shape around
each bed, with the bottom edge 300 mm above the floor.

Extra equipment and design methods were adjusted as parameters.
From the view of mitigating or limiting the down draft near the window,
window curtains and window heaters were utilized in some cases (Fig. 2
(a)). As for the window curtain, its nylon materials, 100 mm longer than
the window glass and mounted 100 mm away from the window. Three
125 W window heaters are evenly placed on the upper edge of the
polystyrene foam windowsill. Each heater consists of four metal fins
with special alumite painting to ensure around 0.9 emissivity. The
heaters are 1500 mm in length, with a 5 mm gap between each fin and a
10 mm open space between the bottom of the fins and the windowsill.

Moreover, a roll curtain is installed as a partition between the bed
and the perimeter space. As shown in Fig. 2(b), the roll curtain is made
of a 1 mm transparent vinyl sheet, fixed to the ceiling 1000 mm away
from the window, as wide as the ward, and its length [ from the ceiling to
the bottom edge is variable. Alternatively, the "U"-shaped cubicle cur-
tain can be modified from a suspended track to a ceiling-mounted type
by filling the open space between the existing suspended nylon curtain
and the ceiling with polycarbonate. A 400 x 360 mm opening facing the
ceiling exhaust is maintained to ensure airflow exchange through the
cubicle area.

Concerning the air conditioning system, four all-air wall induction
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units (IUs) are mounted vertically in each corner of the ward, with a 500
x 500 mm exhaust in the ceiling’s center. The section and outer view of
the wall IU are depicted in Fig. 3. The induction and supply surface of
the wall IU is limited to a height of 1040 mm to prevent the induction of
contaminants that accumulate above the boundary layer of DV, as
determined by the results of our previous study [54]. The primary air
(PA) flow rate of the induction units (IUs), which is conditioned air
supplied by the air-conditioning system, is set to a total of 607 m3/h
(approximately 150 m®/h per unit). This flow rate ensures that the PA is
jetted from the 7 mm wide primary air nozzle (Fig. 3(a)) into the in-
duction chamber at a sufficient velocity (approximately 6 m/s in this
study) to create the negative pressure that draws in indoor air. This
induction and mixing process ensures that the supply air (SA) has a
minimal temperature difference from the room air while enabling the
use of air with a large temperature difference in the air-conditioning
system for power savings. Finally, the mixed SA is supplied into the
room at approximately 0.35 m/s through the center perforated panel.
The mixing ratio (the proportion of induction air in the SA) varies
relative to the PA flow rate and is approximately 0.4 in this study.

The abovementioned velocity data were measured using a hot wire
anemometer (details and accuracy are provided in Table 1). The flow
rate was verified through calculations based on both the velocity profile
and the tracer gas concentration, and was controlled by adjusting the fan
speed and air dampers. Further details on the IU’s design, mixing ratio,
measurement methods, and efficiency for hospital ward DV usage are
available in our previous studies [45,54].

2.2. Methods and parameters

This study evaluates ventilation and heating performance using
steady-state tracer gas and air temperature distribution. Measurements
were taken for over 4 h, with data from the final hour averaged for
analysis.

The CO5-He tracer gas was emitted from a single patient simulator to
represent gaseous or low-density contaminants from an occupant. A 5:3
mixture of CO, and He gases (CO; at 1 L/min and He at 0.6 L/min) was
used to match the density of air.

Fig. 4 illustrates the arrangement of measurement points. For tem-
perature, 54 T-type thermocouples were distributed across six poles,
with nine points per pole vertically. Additionally, 36 thermocouples
covered by black aluminum film (emissivity = 0.93) measured surface
temperatures, with 12 points on exterior windows and walls, and 24 on
the other three walls. Furthermore, the air temperature in the OCC is
measured by four thermocouples distributed uniformly throughout the
space. Circulator fans are installed inside the OCC to ensure a uniform
distribution of temperature. Non-dispersive infrared (NDIR) CO5 gas
analyzers, distributed across the same six poles, measured tracer gas
concentration at six vertical points per pole, totaling 36 points. The
temperature and concentration of both primary air (PA) and exhaust air
(EA) were also recorded. All the data were recorded at 30-s intervals.
Details and accuracy of the measurement equipment are listed in
Table 1.

Table 2 presents the number and specific parameters for each
experimental case. Cases Expl-4 aim to examine the IU’s heating and
ventilation performance and explore the impact of the window heater
and curtain in mitigating or limiting downdraft. One case without the
cubicle curtain was also investigated. These four cases were conducted
in February 2023. The air temperature difference (46) between the
OCC’s interior and the average air temperature at a height of 1.1 m
inside the ward was adjusted to approximately 15 °C to represent the
indoor-outdoor temperature difference in Osaka, Japan. Due to the
insufficient cooling power of the OCC, the indoor air temperature was
set higher than usual heating scenarios (around 30 °C) to ensure the A0
was close to 15 °C.

Cases Exp5-16, conducted in February and March 2024, investigated
whether a roll curtain at the perimeter or a ceiling-mounted cubicle
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Fig. 2. Image of the full-scale four-bed ward laboratory with all-air induction unit (IU) for displacement ventilation, elements and design to improve ventilation
efficiency during winter; (a) photograph of the laboratory and the simulated exterior window; (b) suspended and ceiling-mounted cubicle curtain around the beds,

roll curtain in the perimeter; (c) section and exterior view of the wall IU.
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Fig. 3. The all-air wall induction unit (IU) used for ward displacement ventilation (DV). (a) section and exterior geometric dimensions of the IU; (b) photographs of

the IU in the ward laboratory.

Table 1
Details and accuracy of the experimental devices.

Usage Model name Manufacturer Range or Accuracy

condition
Temperature measurement T type, 0.32 mm Ninomiya Co., Ltd. —40°C-90 °C ASTM E230 Standard class
Temperature data logger CADAC3 Etodenki 0- 10 KHz 0.01 °C
Corporation
CO,, concentration TR-576 T&D Corporation 0 to 9999 ppm +(50 ppm +5 % of reading) at 5000 ppm or less; further calibrated by

measurement
CO,, flow rate controller
Velocity measurement

FCS1030LC-F10L-CO2
Model 6501 with 6551-21
probe

Fujikin
KANOMAX

0-10 L/min
1.1-30.0 m/s

the span gas
+1 % F.S. (at 15-35 °C)
+2.0 % of reading or 0.02 m/s

curtain could improve ventilation efficiency by limiting contaminants’
horizontal movement and affecting airflow distribution. Due to the
warm winter in East Asia that year, the OCC’s air temperature could only
be cooled to around 18 °C. Therefore, the maximum A#@ for these cases
was controlled to be around 12 °C.

Cases Exp5-8 examined the influence of the perimeter roll curtain
length I A suspended cubicle curtain with a 400 mm gap near the ceiling
was placed around the beds. The roll curtain lengths were varied as
follows: 0 mm (not used), 400 mm, 1250 mm, and 2300 mm.

Cases Exp9-12 tested the performance of using the ceiling-mounted
cubicle curtain alone or combined with roll curtains of 400 mm, 1250
mm, and 2300 mm lengths.

Cases Exp13-16 used the same curtains arrangement as cases 9-12
but changed the A9 from around 12 °C to around 5 °C to investigate the
influence of temperature difference.

The average PA temperature (0p4) of the four IUs and the air tem-
perature inside the OCC are also shown in Table 2 for reference.

3. Computational setup and numerical scheme

Steady-state CFD analysis was conducted to further investigate
various temperature conditions and airflow patterns under well-
controlled settings. Initially, several experimental conditions were
replicated to validate the CFD model. Subsequently, scenarios that were
not experimentally explored, such as combinations with local exhaust
systems or the use of ceiling-mounted air conditioning units, were
analyzed and compared. Additionally, the window heat loss was
adjusted over a wide range to examine its influence.

3.1. Laboratory 3D models and simulation parameters

The 3D models of the four-bed ward, which match the laboratory’s
dimensions and layout but omits the OCC are shows in Fig. 5. The pa-
rameters and abbreviations for each CFD analysis case are summarized
in Table 3.

The examination of the window heater and window curtain is
omitted, as the experimental study clearly demonstrated their effects.
Comparisons among suspended and ceiling-mounted cubicle curtains,
perimeter roll curtains of different lengths, and changing the IU from
wall-mounted to ceiling-mounted, as well as combining the wall IU with
local exhausts, were conducted with a fixed window heat loss condition
(125 W/m?, CFD1-5)). Additionally, the impact of varying window heat
losses (0-150 W/mz, CFD6-12)) was assessed under the same curtain
layout and airflow pattern.

Fig. 5(a) depicts the standard condition, representing the normal
setup of a four-bed ward with suspended cubicle curtains around the
hospital beds and corner vertical mount IUs for DV.

Fig. 5(b) shows the additional use of the perimeter roll curtain. Apart
from the cases for validation usage, the length [ of the roll curtain is fixed
at 800 mm as experiments showed no significant difference with lengths
of 400 mm, 1250 mm, or 2300 mm (discussed in the next section). The
800 mm roll curtain ensures an 1800 mm height open space below,
balancing  containment-blocking performance and practical
considerations.

Fig. 5(c) shows the use of the ceiling-mounted cubicle curtain around
the beds. Similar to the experiment, a 360 x 400mm opening facing the
ceiling center exhaust is left to ensure airflow exchange inside and
outside the cubicle area.
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Fig. 4. Arrangement of the measurement points. (a) Horizontal distribution in the labotrary; (b) vertical distribution on a single pole.
Table 2
Parameters of the full-scale experiment.
Parameters Reference
Case Parameter “U” shape Cubicle Curtain Window curtain or Roll curtain and its AQ Opa OCC air EA
abbreviation heater length I (mm) “C) “QC) “Q) Q)
Expl NC-(15)-RO Not used Not used Not used (0) 14.77 32.38 11.93 27.48
Exp2 UC-(15)-RO Suspended mount (UC) 14.46 33.60 12.59 28.27
Exp3 UWC-(15)-R0 Window curtain 14.30 39.73 15.49 31.21
Exp4 UWCH-(15)-R0O Window curtain and 14.61 39.38 14.76 30.69
heater
Exp5 UC-(12)-RO Suspended mount (UC) Not used Not used (0) 11.94 39.62 19.17 30.38
Exp6 UC-(12)-R400 400 11.00 39.51 17.16 30.24
Exp7 UC-(12)-R1250 1250 11.18 39.94 18.27 31.06
Exp8 UC-(12)-R2300 2300 12.32 39.47 17.47 30.97
Exp9 UCC-(12)-RO Ceiling Mount (Polycarbonate blocking curtain’s ~ Not used Not used (0) 11.11 40.95 19.06 32.10
ing, UCC
Expl0  UCC-(12)-R400 upper opening, UCC) 400 1214 4127 19.08 33.08
Expll UCC-(12)-R1250 1250 11.81 41.93 19.04 33.67
Expl2 UCC-(12)-R2300 2300 11.30 40.79 18.37 31.14
Expl3  UCC-(5)-RO Ceiling Mount (Polycarbonate blocking curtain’s ~ Not used Not used (0) 4.10 23.41 18.27 22.00
ing, UCC
Expl4  UCC-(5)-R400 upper opening, UCC) 400 5.11 23.06  17.60 23.07
Expl5 UCC-(5)-R1250 1250 4.96 23.79 17.93 23.19
Expl6 UCC-(5)-R2300 2300 4.47 25.83 18.73 23.46

*Abbreviation naming convention: XX-(00)-R0000.

XX: Denotes the type of equipment or fixture, such as cubicle curtain, window curtain, or heater.
(00) represents the temperature difference A9 between the OCC and the indoor air at 1.1m height above the floor (°C).

RO000: Indicates the length [ of the roll curtain.

Fig. 5(d) shows the combined use of the perimeter roll curtain and
ceiling-mounted cubicle curtain. The roll curtain primarily aims to stop
the horizontal movement of contaminants in the room center, which is

outside the cubicle curtain’s range.

Fig. 5(e) has the same curtain arrangement as the standard condition
(Fig. 5(a)) but changes the ceiling center exhaust to four local exhausts
directly above the beds. Each exhaust has a uniform outlet volume.

Fig. 5(f) has the same curtain arrangement as the standard condition
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Fig. 5. 3D models and parameters of the CFD numerical study. (a) standard four-bed ward with suspended cubicle curtains; (b) addition of a ceiling-mount roll
curtain 1m away from the window; (c) extend the suspended cubicle curtain to ceiling-mount, leaving an opening facing the exhaust; (d) combination of ceiling-
mount cubicle curtain and roll curtain; (e) central ceiling exhaust replaced with four local exhausts above the beds; (f) ward with ceiling-mount induction units (IU).

(Fig. 5(a)) but replaces the wall-mounted IUs with ceiling-mounted
units, aiming to evaluate the differences between DV and MV for
winter usage.

As summarized in Table 3, the first four cases (CFD-Exp 9,12,13,16)
are for CFD validation purposes, considering they are involving the use
of a ceiling-mounted cubicle curtain, with or without a 2300 mm roll
curtain, and temperature differences (46) of 5 °C and 12 °C. While cases
CFD1 to CFD12 are for the further numerical study. Temperature
boundary conditions are provided for reference. The validation cases
mirror the experimental conditions by using defined temperature data,
while the numerical study cases employ fixed temperature or heat
generation settings. Details about the CFD setup will be introduced in
the next section.

3.2. CFD setup and data processing

Commercial software Cradle scSTREAM V2022 (Hexagon AB) is used

for the CFD study. Details regarding the CFD settings are summarized in
Table 4 for the analysis methods and Table 5 for the boundary condi-
tions. The CFD methods for the IU and four-bed ward, including the
turbulence models, meshing method impact, heat transfer settings, and
flow or velocity properties of the IU, have been proposed, examined, and
validated in our previous work [45,54]. This study employs similar CFD
setups to those in our previous work, and they are briefly introduced as
follows.

The standard k-epsilon (SKE) model was chosen for turbulence
analysis, as it provides similar accuracy to the RNG k-epsilon model and
linear low-Reynolds model for ward ventilation simulation. The overall
grid design for the standard condition (case CFD-1) is shown in Fig. 6(a),
with detailed views of the grid near the window or wall surface pre-
sented in Fig. 6(b). The mean y + at the window surface for each case is
summarized in Fig. 6(c). The first grid from the wall and window surface
has a thickness of 150 mm to ensure the log-law region is at a non-
dimensional length y + greater than 30 from the wall.



Table 3
Case number, abbreviation, and parameters of the CFD simulation.
Case Parameter Cubicle curtain ~ Roll curtain’s length [ SA and EA’s location Window inner surface (°C or PA Floor surface Ceiling surface Wall (°C)
abbreviation (mm) W/m?)) Q) [§) [§O)]
CFD- UCC-(12)-RO-Exp Ceiling- 0 Corner IU and center 27.65 °C 40.95 26.18 28.60 29.65
Exp9 mounted exhaust
CFD- UCC-(12)-R2300- 2300 28.42°C 40.79 24.93 28.11 29.35
Expl2 Exp
CFD- UCC-(5)-RO-Exp 0 20.78 °C 23.41 21.06 22.72 21.66
Expl3
CFD- UCC-(5)-R2300-Exp 2300 22.04°C 25.83 21.42 22.05 23.00
Expl6
CFD-1 UC-(125 W)-RO Suspended 0 Corner IU and center —125 W/m? 26 24 26 Adiabatic outer surface (inner surface not
exhaust specified)
CFD-2 UC-(125 W)-R800 800
CFD-3 UC-(125 W)-RO- 0 Corner IU and local
LocE exhaust
CFD-4 UC-(125 W)-RO- Ceiling IU and center
CeilU) exhaust
CFD-5 UCC-(125 W)-RO Ceiling- 0 Corner IU and center —125 W/m?
ted haust
CFD-6 UCC-(0 W)-R800 mounte 800 exhaus 0
CFD-7 UCC-(25 W)-R800 —25 W/m?
CFD-8 UCC-(50 W)-R800 —50 W/m?
CFD-9 UCC-(75 W)-R800 —75 W/m?
CFD-10 UCC-(100 W)-R800 —100 W/m?
CFD-11 UCC-(125 W)-R800 —125 W/m?
CFD-12 UCC-(150 W)-R800 —150 W/m?

*Abbreviation naming convention: XX-(00)-R0000.
XX: Denotes the type of equipment or fixture, such as cubicle curtain, window curtain, or heater.

(00) represents the temperature difference A9 between the OCC and the indoor air at 1.1m height above the floor (°C); or the heat loss from the window surface per square meter (W/m?).
RO000: Indicates the length [ of the roll curtain.
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Table 4
CFD meshing and calculation settings.

Table 5
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Summary of the CFD boundary settings.

CFD code Cradle scSTREAM V2022, Hexagon AB

Turbulence Model Standard k-¢ (SKE) model

Algorithm SIMPLE
Discretization Scheme QUICK

Radiation analysis View Factor method
Number of calculation cycle 10,000

Residuals Less than 1x107°
Standard grid size 50 mm

Standard geometric ratio 1.1x

Number of grids Around 3,000,000

First grid from the wall 150-mm thickness

The entire analysis space used a structured grid. Near the cylindrical
human simulator, a fine grid with a width of 15 mm was applied to
accurately capture the shape of the cylindrical elements. While this
approach may pose risks in ensuring the accuracy of heat transfer pre-
dictions, the surface temperature of the cylinder was accurately pre-
dicted when compared with experimental data and the results of the
low-Reynolds model simulations. Considering the study’s focus on in-
door temperature and airflow simulation, this limitation is expected to
have minimal impact on the overall accuracy.

Radiation analysis was conducted using the view factor method. The
convection heat transfer coefficient of the inner surface of the walls and
windows was calculated based on ASHRAE data, with the radiation ef-
fect removed. The validation cases mirror the experimental conditions
by defining the primary air (PA), wall, and window surface temperatures
according to the measurement results (summarized in Table 3). In
contrast, the numerical study cases fixed the floor and ceiling surface
temperatures at 24 °C and 26 °C, respectively, and maintained the PA air
temperature at 26 °C. Heat loss from the OCC (exterior window) was
simulated by specifying the value in watts.

Fig. 7 illustrates the airflow boundaries designed to replicate the IU’s
induction and mixing air supply properties. This method was proposed
and verified in our previous study [54], and is briefly introduced below.

The setup uses two groups of outlet boundaries and one group of inlet
boundaries to reproduce the IU’s induction and supply properties. Each
group is divided into five vertical sections to account for temperature
and concentration gradients. Each airflow boundary has unique velocity
properties, calculated based on the PA volume, PA’s velocity distribu-
tion, IU’s mixing ratio, and the boundary dimensions. Monitoring points
P; in the center of each induction (outlet) boundary track temperature
(T1a) and concentration (Cj4) data per calculation cycle. The following
functions calculate the temperature (Ts4) and concentration (Csa) of the
IU’s supplied air, with Tp, as the temperature of the PA supplied by the
air-conditioning units and Ry as the [U’s mixing ratio (0.4).

Tsa = (1 — Rmix) X Tpa +Rpix X Tia (€D)

Csa = (1 — Rpix) X Cpa +Rpix X Cia 2)

For data processing, CFD validation data was collected from the same
locations as in the laboratory. In the numerical study (Fig. 8(a)), tem-
perature and concentration vertical distributions were evaluated in five
areas: Areas 1-4 within the cubicle curtain and Area 5 at the ward’s
center. CFD results were collected at a 10 x 10 cm resolution, and the
mean value from the same height in each area was used for analysis.

As shown in Fig. 8(b), a space measuring 500 mm in length, 970 mm
in width, and 400 mm in height at the end of the bed represents the
breathing area of a supine patient. The mean normalized concentration
in each breathing area is used to calculate the infection probability for
the patients.

The infection probability for the other three patients, away from the
infected individual, is evaluated using the Wells-Riley model, as shown
in the following equation:

p=1-e¢" (€©))

Wall

Radiation
boundary
Curtain

Flow
boundary

Inlet’s
turbulence
statistics

Occupants
and
equipment
heat

Wall boundary
Outer surface
Inner surface
(Specifying heat
transfer
coefficient)

Specifying emissivity

“U” shape cubicle
curtain

Roll curtain

Air-conditioning
systems

Tracer gas

Wall

Window

Floor

Ceiling

Top

Central

Lower
Ceiling-mounted,
1m away from
the window

IU’s inlet

IU’s outlet
Temperature and
concentration
Exhaust

Physical
properties

Flow rate

Generation
temperature

Diffusion area &
direction

Turbulence intensity I and length scale

Kinetic energy k and dissipation rate ¢

Patient simulator

Equipment heat
load

Heat generation
Dimension
Heat generation

Dimension

No-slip

Adiabatic

3.06 W/m*k;
Temperature matching
experimental data or
not specified

3.06 W/m?>k;
Temperature matching
experimental data or
specified heat
generation (W/m?);
Table 3

0.97 W/m*k;
Temperature matching
experimental data or
fixed = 24 °C

4.04 W/m?k;
Temperature matching
experimental data or
fixed = 26 °C

All solid surfaces;
Emissivity = 0.9

400 mm free space or
0 (ceiling-mounted)
1900- or 2300-mm
length panel, with a
360 x 400 mm opening
facing the exhaust
when mounted on the
ceiling

300 mm free space
Length I = 0, 800,
2300 mm

Specific volume and
temperature

Specific volume
Calculate by mixing
ratio

Natural outflow;
Central exhaust: 500 x
500 mm, Local
exhaust: 250 x
250mm x 4

Diffusion coefficient:
1.39 x 107° (m%/s)
[55] for CO,-Air.
Density etc., are equal
to air

1.5 L/min, volume
specify

Matching the
experimental data, or
fixed = 34 °C

25 x 25 mm square,
upward

Specified I = 1 % and
length scale = 5 mm
Calculated by u, I, and
length scale

50 W x 4, volumetrics
heat source

1500 mm (L) x 300 (®)
cylinder x 4

60 W x 4, volumetrics
heat source

100 mm cube x 4

where p is the probability of infection, and n is the quanta inhaled,
calculated based on the normalized concentration using the following

equation.
n=%c -Qy-D
- Q inhale

4
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Fig. 6. Grid design of the four-bed ward and non-dimensional length y + at the window surface for reference (a) grid design of the standard condition (case CFD-1)
shown through three views as an example; (b) grid design near wall or window surfaces; (c) mean y + at the window surface of each CFD case.
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Fig. 7. Airflow boundaries to reproduce the IU’s induct and mixing air sup-

ply properties.

In this equation, g is the quanta emission rate of the infected individual,
defined as 3.14 quanta/h for resting and oral breathing activity based on
the REHVA guidebook [56]. Q is the room’s ventilation rate (607 m3/h).

11

Qp is the occupant’s breathing rate defined as 0.54 m®/h for “standing”
(not talking and exercising) activity [56]. C};,, is the normalized con-
centration inhaled.

The duration D is based on the COVID-19 incubation period, chosen
as five days (120 h) [57,58] for this study because the actual duration of
the patient’s stay is difficult to quantify.

4. Results and discussion

The normalized concentration C, was used to evaluate the ventila-
tion performance in the ward and is calculated using the following
equation.

CP — CPA

—F A 5
Cra — Cpa ®

Cn

where C, represents the concentration at the sampling point, Cpa rep-
resents the concentration of the IU’s primary air (PA), and Cgy repre-
sents the concentration of the exhausted air. In the CFD analysis, Cps was
set to 0 as return air was not considered.

The experimental data compares vertical temperature distribution in
two groups: the average values at identical heights on P1, P2, and P5
(near the beds) and P3 and P4 (room’s center). The vertical distribution
of normalized concentration is averaged in three groups: P6 (near the
generation source), P3 and P4 (room’s center), and P5 and P6 (near
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Fig. 8. Dimensions of the sections and areas defined for data collection. (a) Areas and sections used to evaluate the vertical distribution of temperature and con-
centration.; (b) space defined as the breathing area of an occupant lying on a hospital bed.

other beds away from the source).

4.1. Full-scale experiment

4.1.1. Ventilation mechanism during heating and improving method by
eliminating down draft

Fig. 9 showcases the experimental outcomes for cases Expl through
Exp4. The comparison includes the effects of having the suspended
cubicle curtain open (NC) or closed (UC), the additional use of the
window curtain (UWC), or both the curtain and heater (UWCH) on
temperature and concentration distribution. The temperature differen-
tial (460) between the OCC and the room’s air temperature at a height of
1.1 m is around 15 °C.

For temperature distribution, due to the OCC’s insufficient cooling
power and the laboratory not being fully adiabatic, cases UWC and
UWCH have a higher PA temperature (around 39.5 °C) compared to UC
and NC (around 33 °C) to maintain a A¢ of approximately 15 °C. This

results in an approximate 2 °C difference between the two groups, as
shown in Fig. 9(a). However, all four cases exhibit a similar vertical
temperature gradient, with a 2-3 °C difference in the occupied zone,
which has limited influence on thermal comfort and is appropriate for
achieving DV. No significant differences were found in the impact of
curtains and heaters on temperature distribution.

Regarding the concentration distribution, case NC has the least ideal
results, especially in the space away from the generation source. The
normalized concentration at 0.1-0.6 m above the floor is around 1,
while near the ceiling, it is around 0.7. This indicates that the tracer gas
is falling and diffusing along the floor. Near the generation source, there
is no vertical gradient and the concentration is the lowest compared to
other cases, showing that DV is not achieved and contaminant diffusion
is uncontrolled. The likely reason is that, without the cubicle curtain’s
block, the tracer gas was entrained by the downdraft near the window or
disturbed by the IU’s supply air before rising to the upper area of the
room.

Near the bed Room’s center Near the generation Room’s center Other beds
(average of P1,2,5,6) (average of P3,4) source (P6) (average of P3,4) (average of P1,2,5)
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Fig. 9. Experimental results of heating and ventilation performance comparison when using the suspended cubicle curtain (UC) or not (NC), window curtain (UWC),
and window heater (UWCH) (a) temperature vertical distribution. (b) Normalized concentration vertical distribution.
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When keeping the cubicle curtain around the bed closed (case UC),
the normalized concentration increases compared to case NC but shows
a vertical gradient more similar to DV, with lower concentrations at
0.1-0.6 m above the floor. The normalized concentration around the
other hospital beds decreases to less than 0.7. In the room’s center, the
highest concentration shifts from near the floor to about 1 m above the
floor, indicating a decrease in tracer gas entrainment by the downdraft
and diffusion along the floor. The cubicle curtain around the generation
source limits the gas’s horizontal movement, concentrating most of it
within the cubicle curtain’s range and achieving an airflow pattern more
similar to DV.

Cases UC and UWC show similar concentration distributions across
all measurement points. Closing the window curtain does not effectively
limit down draft or tracer gas entrainment, and thus does not signifi-
cantly improve ventilation performance.

In case UWCH, which uses window heaters with the cubicle curtain
closed, a DV concentration gradient is observed in the room’s center.
This case has the lowest concentration near the bed away from the
generation source (around 0.3). The window heater eliminates the
downdraft near the window, allowing the tracer gas to rise to the near-
ceiling space, and possibly accelerating it through the upward airflow
generated by the heater.

It can be concluded that downdrafts can significantly weaken or
disrupt DV’s ventilation performance. Using a window heater to elimi-
nate downdrafts prevents contaminants from being entrained down-
ward, ensuring the normalized concentration near other beds remains
around 0.3 in this study. Although ventilation performance may still be
weaker compared to cooling supply conditions, this is likely because the
clear air supplied to the occupied zone during heating is less than during
cooling due to buoyancy effects.

Additionally, using a cubicle curtain around the generation source
improves normalized concentration results (0.8 near other beds)
compared to an open curtain, with a concentration gradient similar to
DV. This distribution is not entirely achieved by direct airflow from the
supply vents as in cooling conditions. During winter heating, some of the
clean supply air initially rises near the ceiling due to buoyancy and,
before being affected by pollutants, is entrained by the down draft and
supplied to the occupied zone. However, the down draft also entrains
contaminants downward. This results in a concentration distribution
with a DV-like vertical gradient but inferior cleanliness in the occupied
zone and higher concentration at the room’s center height, which can be
described as a “quasi-displacement ventilation” scenario. Therefore, the
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next section will focus on methods to improve this by limiting the hor-
izontal diffusion of contaminants through the redesign or addition of
curtains or partitions to ensure the cleanliness of the down draft.

4.1.2. Improvement method by limiting the containment horizontal
diffusion

The case with suspended cubicle curtains around the beds but no
curtains or heaters near the window (UC-R0) was defined as the basic
condition. Fig. 10 shows the experimental results when a roll curtain
was added on the ceiling 1000 mm from the window. The length of the
roll curtain (400 mm, 1250 mm, 2300 mm) was adjusted to investigate
its influence. Fig. 11 presents similar cases to Fig. 10 but changes the
suspended cubicle curtains to ceiling mounted. The results of the basic
condition are also shown in Figs. 10 and 11 for comparison.

For the temperature difference A9, 12 °C was aimed for in these cases
(as introduced in Section 2.2). Additionally, experiment results under a
smaller A9 of 5 °C when using the ceiling-mounted curtain are shown in
Fig. 11 for further comparison.

Regarding temperature distribution, the presence or length of the roll
curtain does not significantly influence the results. However, the ceiling-
mounted curtain increases the vertical temperature difference in the
room’s center (Fig. 11, A9 = 12 °C), resulting in a uniform vertical
temperature distribution above 1.1m height near the bed, but with an
around 1.5 °C difference in the room’s center. This suggests that the
ceiling-mounted curtain restricts airflow exchange between the inside
and outside of the cubicle area around the beds.

Regarding concentration distribution, as shown in Fig. 10, when
using the suspended cubicle curtain around the bed, the presence of the
perimeter roll curtain decreases the normalized concentration in the
space away from the generation source from around 0.8 to around 0.5.
Additionally, the longer the roll curtain, the more the normalized con-
centration tends to decrease.

Changing the suspended cubicle curtain to ceiling mounted further
reduces the normalized concentration near other beds to mostly less
than 0.5, even without the combined use of the perimeter roll curtain
(upper part of Fig. 11). Combining the ceiling-mounted curtain with the
perimeter roll curtain and selecting a longer curtain can further decrease
the normalized concentration, but this trend is not very significant, and
using the longest roll curtain (I = 2300 mm) may have the opposite
effect.

When the A6 is around 5 °C (bottom part of Fig. 10), all cases exhibit
ideal ventilation performance, with normalized concentration in most of
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Fig. 10. Experimental results of heating and ventilation performance comparison regarding the presence and length of the perimeter roll curtain (a) temperature

vertical distribution; (b) normalized concentration vertical distribution.
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Fig. 11. Experimental results of heating and ventilation performance comparison when using the suspended cubicle curtain, ceiling-mounted cubicle curtain, ceiling-
mounted cubicle curtain combination with perimeter roll curtain in different length. (a) Temperature vertical distribution. (b) Normalized concentration vertical

distribution.

the room’s occupied zone being around 0.5. This value can be improved
to less than 0.5 when combined with a perimeter roll curtain.

Higher normalized concentrations were observed near the genera-
tion source with ceiling-mounted curtains compared to suspended
mounted. Contaminants leaking from the bottom of the cubicle curtain
into the central part of the room were confirmed by higher normalized
concentration at 0.1m height from the floor.

In conclusion, using wall IUs with suspended cubicle curtains can
reduce the normalized concentration around the bed by approximately
20 % compared to complete mixing ventilation (normalized concen-
tration = 1). Installing partitions (roll curtains) near the windows or
switching to ceiling-mounted cubicle curtains can further reduce the
concentration by an additional 40 % by limiting the horizontal diffusion
of contaminants that accumulate near the ceiling. This arrangement
allows the heating supply air from the window-side IU to remain clean
after mixing with the downdraft near the window, then cool down to
diffuse into the occupied zone along the floor, resulting in an airflow
pattern similar to displacement ventilation (DV) but achieved indirectly
through the downdraft.
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4.2. CFD numerical study

4.2.1. Validation by comparison with experimental results

The numerically simulated temperature and normalized concentra-
tion distribution are compared with experimental data in Fig. 12. Four
sets of results were selected, involving the use of a ceiling-mounted
cubicle curtain, with or without a 2300 mm roll curtain, and tempera-
ture differences (460) of 5 °C and 12 °C. These cases ensure that the in-
fluence of both the roll curtain and the ceiling-mounted curtain is
considered.

CFD results show similar temperature distributions to the experi-
mental data, with errors mostly less than 0.5 °C near the beds and less
than 1 °C at the room’s center. Errors may arise from the radiation ratio
of solid surfaces set at 0.9, inaccuracies in ASHRAE-based heat transfer
coefficients [59], insufficient surface resolution for the specified floor
and ceiling temperatures, and unmeasured heat from the measurement
devices. Despite these issues, the temperature gradient and distribution
are accurately simulated, and the minor temperature errors do not
significantly affect concentration distribution results.

Regarding normalized concentration, its distribution characteristics,
such as the gradient near the generation source and diffusion along the
floor or in the room center, are reproduced in detail. Most values are
predicted accurately, with errors mainly at points with large normalized
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Fig. 12. Comparison of experimental data with CFD simulation results using the SKE model for validation. (a) Temperature distribution; (b) Normalized concen-
tration distribution. Cases involve using the ceiling-mount cubicle curtain, with or without a 2300 mm roll curtain, and temperature difference (A6) is 5°C or 12 °C.

concentration values. This discrepancy is due to the higher resolution of
CFD data compared to experimental measurements and the amplifica-
tion of normalized calculation errors at higher concentration values.
Considering the study focuses on occupied space away from the gener-
ation source, their influence is negligible.

4.2.2. Influence of curtains and airflow patterns

Fig. 13 through Fig. 15 present the CFD results under harsher winter
conditions compared to the experiment. The heat loss from the window
is specified as 125 W/m?, which roughly corresponds to an indoor and
outdoor temperature difference of 20 °C and 35 °C when using double
and single quartz glass windows, respectively.

Case using the wall IU and suspended cubicle curtain (UC-RO) is
defined as the basic condition. The IU’s PA temperature is fixed at 26 °C,
ensuring an indoor temperature of around 24 °C under the ideal middle
unit condition.

In addition to parameters such as the usage of the perimeter roll
curtain and the comparison between suspended and ceiling-mounted
cubicle curtains, further numerical comparisons were conducted by
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changing the ceiling center exhaust to four local exhausts (UC-R0O-LoEx,
Fig. 5(e)) and using the ceiling-mounted IU in the same ward (UC-RO-
CeilU, Fig. 5(f)).

Figs. 13 and 14 show the temperature and normalized concentration
distribution in the ward, represented by line graphs for vertical distri-
bution and contour graphs for representative sections of the entire room.

Regarding temperature distribution, the presence of the perimeter
roll curtain can increase the vertical gradient to a certain extent when
the cubicle curtain is suspended, especially near the floor, as observed
by comparing the results of UC-R0 and UC-R800. However, this effect is
limited when the cubicle curtain is ceiling mounted. Additionally, the
ceiling-mounted cubicle curtain creates a more tortuous gradient around
the near-bed space away from the window (Areas 2 and 4) compared to
other scenarios. Moreover, the ceiling-mounted [U (UC-RO-CeilU) in-
creases the gradient in the room center, while the local exhaust (UC-RO-
LoEx) has limited influence.

Overall, the curtain and airflow pattern do not significantly impact
the temperature distribution in this study. They exhibit similar tem-
perature distributions, with an approximate 1.5 °C vertical temperature
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Fig. 13. Performance comparison of using suspended curtains, ceiling curtains, perimeter roll curtains, local exhaust, and ceiling IU (for mixing ventilation) under
ideal conditions (window heat loss = 125 W/m?, ceiling at 26 °C, floor at 24 °C, 27 °C supply air) based on CFD numerical results. (a) Temperature vertical dis-

tribution; (b) normalized concentration vertical distribution.

gradient in the occupied zone, meeting the conditions for DV and posing
less risk of thermal discomfort. Only the temperature near the window is
significantly influenced by the roll or ceiling-mounted curtain, as shown
in Fig. 14, especially in the upper part of this space. This suggests that
airflow exchange between the near-window space and the room’s inte-
rior, particularly in the upper section, is limited or blocked by the
presence of the ceiling-mounted or roll curtain.

Regarding the distribution of normalized concentrations shows in
both Figs. 13 and 14, the basic condition (UC-R0) has a value of around 1
in the room center and around the bed next to the generation, and 0.7
around the other beds. The concentration near the generation source is
lower than in other cases except for the local exhaust. The tracer gas was
entrained into the downdraft near the window, then diffused along the
floor to the space near bed-NE and the room center, which is considered
the reason.

After installing the perimeter roll curtain or changing the suspended
cubicle curtain to a ceiling mount (UC-R800, UCC-R0, and UCC-R800),
the tracer gas’s transport from the generation source to the near-window
space is mostly blocked, ensuring that the airflow from the window side
can diffuse into the interior with a low concentration value. However,
these adjustments increase the normalized concentration value inside
the cubicle space near the generation, causing airflow with high con-
centration to leak from the bottom opening of the cubicle curtain.

Using a ceiling-mounted curtain (UCC) results in lower normalized
concentration than a suspended curtain overall, with values around 0.3
near beds opposite the source and 0.5 near beds next to the source or in
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the room center. Combining the ceiling-mounted cubicle and roll curtain
provides the best ventilation performance in cases using the ceiling
center exhaust, as it further limits contaminant spread to the room
center from the near-ceiling area, decreasing concentration and
reducing entrainment into the downdraft (see section #2 in Fig. 14, UC-
R800 and UCC-R800).

Using local exhaust achieves the best ventilation. Although some
diffusion near the window occurs, this setup achieves the lowest
normalized concentration throughout the ward. No leakage from the
cubicle curtain’s bottom open space is observed, and upper room con-
centrations decrease significantly. Conversely, changing the IU from
wall-mounted to ceiling-mounted results in the worst performance. The
ceiling supply flow disrupts contaminants rising with the human plume,
leading to disordered diffusion. Contaminants accumulate in the mid-
height of the room, resulting in a normalized concentration greater
than 2.

The mean normalized concentration in the breathing area of beds
away from the generation is compared in Fig. 15(a) and (b), by case and
by area, respectively. The probability of infection for occupants after a
five-day stay with an infected individual is summarized in Fig. 15(c).

Compared to the ceiling-mounted IU (UC-RO-CeilU) results in mixing
ventilation, the vertical wall-mounted IU (UC-RO) reduces the inhaled
normalized concentration for occupants opposite the infected individual
through quasi-displacement ventilation, lowering the infection proba-
bility from around 40 %-25 %. Implementing a roll curtain near the
window, switching to ceiling-mounted cubicle curtains, or combining
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Fig. 14. Temperature and normalized concentration distribution in the ward when using suspended curtains, ceiling curtains, perimeter roll curtains, local exhaust,
and ceiling IU (for mixing ventilation) under ideal conditions (window heat loss = 125 W/m?, ceiling at 26 °C, floor at 24 °C, 27 °C supply air) based on CFD
numerical results. (a) section distribution near the generation source; (b) section distribution in the room center.

both methods, further decreases concentration values and infection
probability. This approach keeps the near-window area clean and indi-
rectly achieves displacement ventilation, resulting in a normalized
concentration of around 0.5 and a 24 % infection probability for the bed
next to the infected individual, and less than 0.3 and 8 % for the bed
opposite.

Furthermore, utilizing local exhaust is highly recommended, as it can
further halve the inhaled concentration and infection probability
compared to cases using the ceiling center exhaust.

4.2.3. Influence of the window heat loss

The UCC-R800 (Fig. 5(d)), a four-bed ward with a vertical wall-
mounted IU, a ceiling center exhaust, ceiling-mounted cubicle cur-
tains, and an 800 mm perimeter roll curtain was chosen as the basic
configuration. This setup is preferred for its ventilation improvement
effects while still using the common ceiling center exhaust. The heat loss
from the exterior window was adjusted from 0 to 150 W/m? to evaluate
its influence. Fig. 16(a) shows the corresponding indoor and outdoor
temperature differences for single or double quartz glass and double
low-e glass windows under these various heat loss conditions.

Fig. 16(b)~(e) summarizes the room’s vertical temperature
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distribution, normalized concentration distribution, and the mean
normalized concentration in the breathing space of beds away from the
generation source, respectively. Fig. 17 shows airflow exchanges from
near the window to the room’s interior, inside and outside the ceiling-
mounted cubicle curtain, and the normalized concentration in repre-
sentative sections for comparison.

Based on Fig. 16(b), increased window heat loss generates a stronger
cold draft, raising the vertical temperature gradient from 1 °C to 2 °C in
the room center and from 1.5 °C to 2.5 °C near the bed. Cold draft from
the window tends to flow towards the bed, likely due to heat sources
such as occupants and equipment around the bed, which create heat
plumes that draw in the cold window airflow.

In Fig. 16(c), (d), and 16(e), when window heat loss is 0, Areas 2 and
5 have the lowest normalized concentration values due to the absence of
downdraft. With heat loss of 25 W/m?, Areas 2 and 5 show significant
concentration increases. This is considered that the heat loss generates a
weak downdraft that is insufficient to adequately dilute or displace
contaminants near the floor but complicates the flow field near the
generation source. When the heat loss is 50-100 W/m?, the concentra-
tion near bed-NE decreases, and showing a low value throughout the
room. Furthermore, when the heat loss exceeds 100 W/m?2 the
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Fig. 15. Mean normalized concentration in the breathing area of beds away from the generation and the infection risk of the occupant lying in these beds for
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with an infected individual.

normalized concentration value steadily increases with higher heat loss,
that the value near bed NE becomes larger than 0.6 and around 0.3
generally.

Fig. 17 shows the airflow and concentration distribution results to
support the above considerations. In Fig. 17(a), the airflow to the room
interior concentrates at the room’s middle height (300-1800 mm from
the floor) between the cubicle curtains when the window is isothermal.
With heat loss of 25-75 W/m?, the airflow shifts towards the perimeter,
while the airflow along the floor directed towards the interior spreads
across the entire room width with increasing velocity.

Fig. 17(b) shows the airflow rate through the roll curtain section,
where negative values indicate airflow towards the perimeter and pos-
itive values indicate airflow towards the interior, aligning with the ob-
servations in Fig. 17(a).

Fig. 17(c) shows the component velocity normal to the opening on
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the ceiling-mounted cubicle curtain facing the ceiling center exhaust,
and the airflow rate passing through this opening. The flow rate does not
initially increase proportionally to the heat load. It rises when the
window shifts from isothermal to heat-losing, peaks around 25 W/m? of
window heat loss, and then decreases with further heat loss. This is
likely due to weaker downdrafts initially. As downdrafts strengthen with
increased heat loss, the airflow entering the cubicle gains higher hori-
zontal velocity, affecting the occupant’s plume by decreasing the
Archimedean number. However, the differences in exchange flow rate
under different heat loss conditions are not very significant. This aspect
warrants further investigation through detailed CFD analysis or devel-
oping a calculation model to predict airflow relationships and
displacement ventilation surface layers under these conditions.

In conclusion, the isothermal window case exhibits the best venti-
lation performance due to the absence of downdraft. The optimal heat
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Fig. 16. Window heat loss’s influence on the temperature and normalized concentration distribution (a) indoor and outdoor temperature difference corresponds to
the window heat loss; (b) temperature vertical distribution; (c) normalized concentration vertical distribution; (d) mean normalized concentration in the breathing
area compared by location; (e) mean normalized concentration in the breathing area compared by cases.

loss from the window to indirectly achieve displacement ventilation
(DV) is approximately 75 W/m2. This corresponds to indoor-outdoor
temperature differences of 12 °C and 21 °C for single or double quartz
glass, respectively, typical of temperate regions. Under this condition,
the clean downdraft has a sufficient flow rate to displace and dilute
contaminants near the floor while maintaining moderate velocity.
However, when window heat loss exceeds 100 W/m?, the indoor
normalized concentration increases rapidly.

5. Conclusion

This study examines the ventilation efficiency of displacement
ventilation (DV) systems under heating supply conditions through both
experimental and numerical methods. Full-scale experiments were
conducted to directly assess performance and provide comparison data
for CFD validation. The CFD numerical study explored additional pa-
rameters under more controlled conditions, yielding comprehensive
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data for analysis. A four-bed ward equipped with a vertical wall-
mounted induction air supply unit (IU) was selected for the case study.

The ventilation and thermal performance of the vertical wall-
mounted IU in the ward during winter conditions were investigated,
along with an analysis of why DV can still function to some extent during
heating supply. In addition to buoyancy causing insufficient supply air
to reach the occupied space, the presence of down drafts is identified as a
significant factor in reducing DV efficiency. Implementing additional
heating equipment near the window has proven effective in eliminating
down drafts and maintaining DV stability. More importantly, limiting
the horizontal movement of contaminants to keep the near-window
space clean, and thereby indirectly achieving DV by utilizing the
down drafts and the heating air supplied close to the window, is
considered a simple and effective method to maintain good ventilation
efficiency of the DV system during the heating season. The main con-
clusions drawn from this study are outlined below:
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Fig. 17. Airflow exchange and concentration diffusion with window heat loss from 0 to 100 W (a) airflow exchange from near-window space to room interior and its
impact on overall concentration distribution; (b) airflow rate through the opening below the cubicle curtain or room center near the window; (c) heat loss’s impact on
airflow exchange through the curtain’s opening facing the exhaust.

@ Quasi-displacement ventilation was achieved during the heating
supply condition and in the presence of down draft. A vertical tem-
perature gradient of around 3 °C was established in the ward, which
is a prerequisite for conducting DV. However, some contaminants
were entrained by the down draft and diffused back into the occu-
pied space, resulting in a normalized concentration value of around
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0.7 near other hospital beds away from the source. Nonetheless, this
is still considered a better ventilation performance compared to the
ideal mixing scenario, where the normalized concentration is 1.

@ Down drafts away from the generation source, or with less mixing
with contaminants, can remain clean or have a lower pollution rate.
This clean airflow diffuses along the floor into the room, acting
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similarly to supply air in a typical DV scenario. It supplements the
insufficient clean airflow volume during heating and indirectly
achieves DV.

@ Without using the cubicle curtain around the generation source (the
hospital bed in this study), contaminants risk being entrained into
the down draft during the rising process, even directly after being
generated. This results in a normalized concentration greater than 1
at the floor level, indicating that DV is mostly destroyed by uncon-
trolled airflow and contaminant diffusion.

@ The suspended cubicle curtain cannot completely prevent contami-
nants from being entrained by the down draft, as they can diffuse
through the gap between the curtain and ceiling. Switching to a
ceiling-mounted curtain or adding a perimeter roll curtain can
largely block the horizontal movement of contaminants toward the
window, keeping the down draft clean and thereby improving indi-
rect DV efficiency. Experimental results show a normalized concen-
tration of 0.7 near the hospital bed with a suspended cubicle curtain,
which decreases to around 0.5 with a perimeter roll curtain or
ceiling-mounted curtain, and further improves to less than 0.5 when
both measures are used.

@ The length of the perimeter roll curtain has limited influence on
indoor concentration and temperature distribution, according to
experimental results. A too-short curtain risks contaminant cross-
over, while a too-long curtain inconveniences occupant. A length
covering the height above the occupied space (higher than F14+-1800
mm) was chosen for numerical analysis, demonstrating good
performance.

@® The window curtain has little effect on indoor concentration and
temperature distribution and cannot prevent contaminants from
being entrained by the down draft. However, the window heater can
eliminate down drafts by heating the window glass and generating a
plume, thereby maintaining DV efficiency during winter and
achieving a normalized concentration of around 0.3 away from the
generation source.

@ Scenarios using the ceiling-mounted IU for mixing ventilation and
the combination of the vertical wall-mounted IU with local exhaust
were also numerically compared with the abovementioned param-
eters. All cases using the wall-mounted IU showed better ventilation
performance than the ceiling mounted. Using local exhaust achieved
the best ventilation, even with only the suspended cubicle curtain
and no perimeter roll curtain.

@ The probability of infection for other occupants after a five-day stay
with an infected individual was estimated using the Wells-Riley
model. The probability is 40-83 % with the ceiling-mounted IU
(depending on location), 23-75 % with the suspended cubicle cur-
tain, 15-34 % with an added perimeter roll curtain, 10-30 % with
the ceiling-mounted cubicle curtain, 7-24 % with both ceiling-
mounted and perimeter curtains, and 3-11 % with the ceiling local
exhaust and suspended cubicle curtain. And this value is 45 % when
conducting the ideal mixing ventilation.

@ The window heat loss value influences the ventilation performance
of indirect DV. An isothermal window performs best due to the
absence of downdraft. Insufficient heat loss (less than 25 W/m?)
impairs indirect DV by providing inadequate down draft to supply
clean air along the floor and complicating airflow near the perimeter.
Heat loss of 50-100 W/m? provides stable indirect DV, but over 100
W/m?, normalized concentration significantly increases in the
occupied space due to high-velocity floor-level airflow, which
weakens contaminant rising and accelerates dispersion into the room
interior.

In summary, this study introduces the mechanism of quasi-
displacement ventilation under heating conditions. The proposed
ventilation improvement method utilizes a curtain to block the hori-
zontal movement of contaminants and down draft to supply clean air,
thereby achieving indirect DV with higher ventilation performance, as
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demonstrated through experimental and numerical studies. The venti-
lation and thermal performance of the vertical wall-mounted induction
unit (IU) for use in four-bed wards during the heating period were
examined, echoing our series of works on the design methodology and
cooling performance of this prototype air terminal device. Future
research will focus on refining and quantifying indirect DV to further
clarify and summarize its mechanism. Additionally, adjustments to the
ceiling-mounted cubicle’s opening area and investigations into air
change rates inside and outside the cubicle area will be conducted to
address excessive contaminant concentration near the source and miti-
gate leakage risks through the curtain’s bottom opening.
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