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Abstract: In the aftermath of the COVID-19 pandemic, the urgent need for the rapid deployment
of healthcare facilities propelled the rise of modular construction using an infill approach. In these
modular, negative-pressure wards, the design of indoor airflow and pressure plays a crucial role in
meeting the ventilation strategies required for isolation facilities. Accordingly, this paper focuses
on modular negative-pressure wards employing an infill construction method and proposes an
appropriate spatial pressure distribution to address the problem of air tightness degradation due
to leakage. This study analyzed the indoor airflow and pressure distribution of a unit module
corresponding to an infill. It aimed to examine whether the pressure difference with the adjacent
room is maintained and to assess its effectiveness in isolating contaminated air. First, the airflow
rate of the heating, ventilation, and air conditioning system in the unit module was calculated
to ensure that it would meet the performance criteria of the negative-pressure ward. Afterward,
based on the calculated rate, the study assessed the airflow and room-specific pressure within a
typical floor, encompassing both the unit module and associated nursing support facilities. Here,
the airflow in the external corridor of the typical floor was divided into two cases according to the
pressure distribution: negative pressure and atmospheric pressure. The calculation results were
compared using a computational fluid dynamics tool. The analysis results confirm that the air
isolation performance is adequate as the pressure difference between adjacent rooms in the unit
module and the typical floor was maintained at 2.5 Pa. Additionally, the indoor airflow in the
negative-pressure isolation room formed a stable flow at a slow speed of 0.1-0.2 m/s, minimizing
the possibility of air contamination from outside the isolation room. In particular, Case B of the
typical floor design proposes a method to optimize the pressure distribution in the modular negative-
pressure ward by designing the ventilation flow rate at atmospheric pressure level. Thus, this study
emphasizes that atmospheric pressure design is appropriate when designing pressure in areas where
negative-pressure control is difficult and can contribute to the design and improvement of similar
medical facilities in the future.

Keywords: modular construction; negative-pressure ward; infill method; airtightness degradation;
computational fluid dynamics; negative-pressure control

1. Introduction

During the COVID-19 pandemic, the rapid increase in the number of confirmed
cases led to a shortage of specialized medical facilities, complicating efforts to control the
spread of the virus. In response, modular negative-pressure wards, which can be rapidly
deployed, gained significant attention as a solution to the lack of hospital rooms. Negative-
pressure wards house patients in isolation rooms and use pressure differences between
adjacent rooms to prevent the spread of airborne viruses. Airborne infection isolation rooms
(AIIR) are a key feature of these wards and typically consist of an anteroom, the main
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isolation room, and an attached toilet, aimed at completely containing contaminants. AIIRs
require maintaining negative pressure and adequate ventilation to prevent the mixing of
indoor air with contaminants and ensure that air, potentially containing viral particles, is
exhausted outdoors [1]. In addition, since the air inside the AIIR contains viral particles,
the negative-pressure level should be adjusted to ensure a pressure difference of at least
2.5 Pa between different zones [2]. The required air change per hour (ACH) is much
higher than standard buildings [3], highlighting the critical role of the exhaust system in
maintaining the necessary pressure differences. As interest in constructing these modular
negative-pressure wards grows, it becomes essential to evaluate whether such approaches
can fulfill the stringent ventilation needs required for effective operation.

In studies on AIIR’s heating, ventilation, and air conditioning system (HVAC), AIIR’s
HVAC was designed through airflow analysis using computational fluid dynamics (CFD) [4],
and an AIIR’s ventilation system was developed by selecting the location of supply and
exhaust vents using SF6 tracer gas experiments and CFD analysis [5]. Additionally, the ven-
tilation performance of the negative-pressure isolation room was also verified depending
on the operation of the exhaust fan in the attached toilet [6], and the extent of air pollution
spread was investigated according to the negative-pressure control in the outpatient area
of the hospital [7]. Previous studies have proposed design methods for AIIR ventilation
systems and highlighted key considerations for both the design [8] and the operation [9] of
HVAC systems. However, the scope of previous studies is limited to isolated patient rooms
in conventional buildings, and few studies have evaluated airflow analysis and ventilation
performance in modular buildings.

Modular buildings typically seal joints with polyurethane or silicone sealants. How-
ever, due to the inherent characteristics of modular construction, including corner joints and
the on-site assembly of exterior panels, achieving airtightness can be challenging [10]. This
degradation of airtightness performance can reduce the building’s energy efficiency [11].
To address the issue of airtightness, one proposed solution involves minimizing the length
of these joints [12], and a study was conducted to suggest airtightness standards for future
modular construction [13]. As stated above, previous studies have mentioned the impor-
tance of airtightness in modular construction and have proposed solutions from a design
perspective to address leakage. However, few studies have been conducted considering the
effects of leakage from the HVAC system perspective. Furthermore, while existing analyses
have been limited to AIIR, there is a lack of cases that identify and examine the airflow and
pressure across the entire floor, including other areas like nursing support stations [14].

The modular negative-pressure ward presented in this paper utilizes an infill construc-
tion method, a technique that is currently under development in Korea [15]. This method
offers significant flexibility in floor plan design by allowing the structural and infill compo-
nents to be designed separately. This flexibility enables the creation of various modular
configurations, distinguishing these wards from traditional negative-pressure facilities.
To accommodate the insertion of infill modules, a holding door is installed on the outer
wall of the external corridor. Additionally, paneling is used for the exterior finishing of the
modular negative-pressure ward, allowing for on-site installation. However, there are con-
cerns regarding the airtightness of the holding door and the paneling joints. If airtightness
cannot be guaranteed, negative-pressure control will fail, leading to the risk of contaminant
dispersion. As a result, careful design of the HVAC system is essential. Furthermore,
in scenarios where multiple rooms are adjacent on a single floor, the negative-pressure
requirement increases incrementally in stages, necessitating a progressively higher level
of negative pressure. This setup can lead to complications if a leak occurs in the external
corridor, which is a high negative-pressure area, and potentially causing the calculations
for exhaust airflow rate control to become excessive.

Moreover, modular negative-pressure wards are more often built in response to special
circumstances, such as disasters, making them more susceptible to issues like power supply
interruptions compared to regular buildings. Furthermore, there are a lack of data on HVAC
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system design that take into account leakage as there has been no research on modular
negative-pressure wards, which are different from isolation wards in general buildings.

To mitigate issues in areas where negative-pressure control is challenging, such as
external corridors, this paper explores two scenarios: maintaining negative pressure or
atmospheric pressure. The study reviews the effectiveness of contaminated air isolation
under both conditions and proposes a suitable negative-pressure design. Overall, this
research investigates the indoor airflow and pressure distribution in a modular negative-
pressure ward, both at the level of individual unit modules and typical floors, with the aim
of proposing optimal negative-pressure levels and providing basic data for the design of
ventilation systems according to specific floor plans.

2. Research Method
2.1. Study Scope and Process

The target building of this study is a modular negative-pressure ward that utilizes
an infill construction method. This ward is comprised of unit modules categorized into
single-person and double-person types, AIIRs, and a nursing support station, among oth-
ers. The study aimed to evaluate the ward’s ability to maintain pressure differentials and
isolate contaminated air between adjacent rooms by analyzing indoor airflow and pressure
distribution across both the unit module and the floor. The analysis scope included the
unit module and the typical floor. Computational fluid dynamics (CFD) tools, specifically
SIEMENS (Berlin, Germany) STAR-CCM+, were utilized to assess pressure, convection, and
heat transfer within the ward [16]. Simcenter STAR-CCM+ is a comprehensive computa-
tional aided engineering solution for solving multidisciplinary problems in fluid and solid
continuum mechanics. This is one of the most comprehensive and widely used physics
engines for solving fluid flow and heat transfer problems.

Figure 1 shows the process of the study. First, an airflow and pressure analysis of
two unit modules is conducted according to the room type to review the performance
of maintaining pressure difference and isolating contaminated air. Subsequently, the
ventilation airflow rate of the supply and exhaust air vents is calculated to ensure that all
areas of the typical floor, except for the unit modules, form the designed negative pressure.
This approach allows for an evaluation of the isolation performance across the entire floor
of the negative-pressure ward. To ensure the typical floor has a suitable negative-pressure
design, the indoor airflow velocity and room pressure distribution are examined for two
cases: Case A, where the external corridor negative pressure is —10 Pa, and Case B, where
itis 0 Pa.
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Figure 1. Research process.
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2.2. Cases of Reviewing a Negative-Pressure Level

Figure 2 illustrates the set negative-pressure levels across various zones of the typical
floor in the target modular negative-pressure ward. The negative pressure is stratified into
five levels: Level 1 at 0.0 Pa, Level 2 at —2.5 Pa, Level 3 at —5.0 Pa, Level 4 at —7.5 Pa,
and Level 5 at —10.0 Pa. The external corridor of the target building is a space that is
in contact with the external wall, and the pressure is set to the lowest level of —10 Pa
according to the negative-pressure level. Since the external corridor is a contaminated
zone, negative-pressure control is generally applied. Note that reducing the number of
components needed to maintain negative pressure, as well as expanding the space at
atmospheric-pressure levels, helps decrease the possibility of fan malfunction. Accordingly,
simulations were conducted by dividing the cases to reduce the load on the exhaust system
and enhance maintenance efficiency.
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Figure 2. Negative-pressure level setting for each case. (a) Case A (external corridor: —10.0 Pa);
(b) Case B (external corridor: 0.0 Pa).

Case A assumes that the pressure in the external corridor was set to —10.0 Pa. The
pressure in the nursing support station and the internal corridor was set to level 1, the
clean corridor was set to level 2, the anteroom of the patient room was set to level 3, the
patient room was set to level 4, and the toilet in the patient room was set to level 5. Case
B considered the airtightness degradation caused by the leakage and set the pressure of
the external corridor to the atmospheric-pressure level. The pressure conditions in other
rooms were the same as in Case A. In addition, personal protective equipment (PPE)
changing rooms, public toilets, and medical waste disposal rooms, as well as other zones,
are designated as separate exhaust zones and maintained at —2.5 Pa. The simulation only
calculates the leakage between adjacent rooms and does not consider factors such as the
opening of doors or the movement of medical staff.

2.3. Unit Module Design and Performance Identification
2.3.1. Unit Module Simulation Configuration

The unit module comprises physical models of the clean corridor, anteroom, toilet,
patient room, and external corridor. The size of Module 1, a single-person room, was
11,600 x 3100 x 2400 mm?® (L x W x H). It comprised a 3.6 m? anteroom and a 12.5 m?
patient room. The size of Module 2, a double-person room, was 11,600 x 6600 x 2400 mm3
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(L x W x H). The size of the anteroom was the same as Module 1, and the area of the
patient room was 34 m2. Considering the leakage through the door gaps, a 5 mm cut was
left at the top and bottom of all doors. To prevent medical staff from becoming infected,
the exhaust vent in the patient room was located on the wall near the patient’s head, while
all other supply and exhaust vents were located on the ceiling. The size of the supply and
exhaust vents in the anteroom and toilet was 9150 mm, 200 mm in the patient room, and
0300 mm in the corridor. Considering the narrow corridor area of Module 1, the supply
and exhaust vents in the corridor zone were omitted.

The boundary conditions in the simulation are outlined in Table 1. According to the
World Health Organization’s ventilation guidelines, the minimum ACH for healthcare
isolation facilities is 6 times per hour. Twelve times per hour is recommended when aerosol-
generating procedures (AGPs) are performed [17]. Similarly, the ASHRAE (American
Society of Heating, Refrigerating and Air-conditioning Engineers) and CDC (Centers
for Disease Control and Prevention) AIIR ventilation requirements also recommend 6 to
12 ACH [18,19]. In addition, to maintain negative pressure, a pressure difference of at least
2.5 Pa is recommended between adjacent rooms. Based on these guidelines, this paper
calculated the supply airflow rate of the isolation room, considering both the cooling and
heating loads and baseline of 6 ACH. The exhaust airflow rate was determined using the
formula provided by the CDC [20], with the design airflow rate subsequently adjusted to
align with the results from the simulation calculations.

Furthermore, the airflow was designed to be unidirectional, from the clean zone to
the contaminated zone. Specifically, the ventilation airflow was designed to flow from the
clean corridor (—2.5 Pa) to the anteroom (—5.0 Pa) to the patient room (—7.5 Pa) to the
toilet and the external corridor (—10.0 Pa). As such, the HVAC airflow rate was calculated
to maintain a room pressure difference of 2.5 Pa. Figure 3 illustrates the layouts of Module
1 and Module 2.

[mm] 3100 6600
[ Clean Zone
2500
[ (B =
] ]
2600 | i i
1 ]
L | '
il i Air flow
| |
H Isolation 2 Isolation % 1
3700 | || Room Room li
| I
T | re—— :
] 1
| Contaminated g Contaminated L i v
2800 | i} CORR. ! CORR. i
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L e R RRRRRREREEERRRDRTRDRDDDEE A
(a) Module 1 (b) Module 2

Figure 3. Layouts of unit modules 1 and 2.
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Table 1. CFD simulation boundary conditions of the unit modules.
Module 1 Module 2
(m3/h)
Supply Exhaust Supply Exhaust
Clean corridor - - 300 360
Anteroom 100 150 100 150
Isolation room 320 480 690 1020
Toilet - 40 - 40
Contan.unated ) . 375 450
corridor

For the turbulence model, the Reynolds-averaged Navier-Stokes equations were used.
The mean mass, momentum, and energy transport equations are given by Equations (1)—(3),
respectively [21].

ap N\
e Ve(pv) =0 1)
a B _ . o —
a—t(pv) + Ve(pV®V) = —Vepeal + Ve (T + Trans) + fo ()
0, = — _
= (pE) + Ve(pEV) = —V D04V + Ve(T + Trans)V — Veq + f,V 3)

ot

Here, p refers to the density (kg/ m3), ¥ refers to the average velocity (m/s), and
Pmod =P+ %pk represents the modified average pressure. In addition, p refers to the mean
pressure (Pa) and k refers to the turbulent kinetic energy (m?/s?). L is an ID tensor, which
can be defined as a linear operator. T is the average viscous stress tensor, f}, is the result
of the body force, E is the average total energy per unit mass, and q is the average heat
flux. Furthermore, a realizable K-epsilon two-layer model (RKE 2L) that considers eddy
viscosity was used to enable better interpretation than the standard K-epsilon model. RKE
2L is a model that solves the transport equations for turbulent kinetic energy and turbulent
dissipation rate, as given by Equations (4) and (5).

d

a(pk) + Ve(pkv) = Ve [(p—i— ;Z)Vk] +px — p(e — &) + Sk (4)
9 (0e) + Ve(pev) = Vo (n+ 2 ) Ve | + 2CuPe = Conbop [ = — L) 5. (5)
o p P = [ . Te ell’e e2l2p Te T, €

u is the dynamic viscosity (kg/m/s), and oy, 0¢ ,C.1,C¢2 are model coefficients. For
the RKE 2L model, oy is calculated as 1, o is calculated as 1.2, C,1 is calculated as the
maximum value of 0.43, and %, and C,; is calculated as 1.9. Here, the shape factor n
can be obtained from Sk/e. Py and P are generated terms that vary depending on the
k-epsilon model variables. They can be expressed as {.Gx + Gp — vy and £.Sk + C3Gy,
respectively. f, is a decay function that decreases as k/ (k4 /ve) and represents the

decrease in turbulence mixing near the wall. 5; S, is a user-defined term.

2.3.2. Review of the Isolation Performance of Contaminated Air in the Unit Modules

Table 2 shows the pressure distribution by unit module, while Figure 4 visualizes
the average pressure at the cross-section where the patient’s respirator is located (0.85 m
height). The calculation results showed that for Module 1, the anteroom’s average pressure
was —4.9 Pa, and the patient room’s pressure was —7.5 Pa, resulting in a pressure difference
of around 2.5 Pa being maintained between the rooms. The toilet pressure was recorded
at —9.7 Pa, and the corridor, lacking supply and exhaust vents, was excluded from the
analysis. For Module 2, the pressure in the anteroom was —4.7 Pa, and in the patient room,
it remained at —7.5 Pa, leading to a pressure difference of 2.8 Pa between the two rooms.
The pressure in the toilet was —10.1 Pa, aligning with planned levels, while the clean
corridor was at —2.4 Pa and the external corridor at —9.5 Pa. The pressure distribution in
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the rooms was found to be in the following order from highest to lowest: clean corridor >
anteroom > patient room > contaminated corridor > toilet. This pattern was also observed
in Module 1, except for the corridors. Modules 1 and 2 did not produce exactly the same
pressure between the rooms, but the difference was no greater than 0.3 Pa, which showed
a similar pressure value. While a pressure difference of 0.3 Pa in actual construction may
seem significant, it was determined that this difference had minimal impact on evaluating
isolation performance during the design phase. Due to this pressure difference between
the rooms, the airflow in both modules was observed flowing from clean to contaminated
zones, indicating that the calculated supply and exhaust ventilation amount is estimated to
be appropriate. This suggests that the isolation performance of the unit modules has been
adequately validated. Figure 4 displays the calculated pressure distribution for each unit
module. Module 1’s corridors, for which analysis could not be performed, was reviewed
using the typical floor modeling.

Table 2. Pressure magnitude by unit module.

Module 1 Module 2
Clean corridor - —2.3931
Anteroom —4.937 —4.6609
Isolation room —7.4866 —7.4829
Toilet —-9.721 —10.1279
Contaminated corridor - —9.4684

Pressure (Pa)

-2.18
-3.5 Clean
corridor

f
-4.83 ,»'
615 Isolation

' Isolation Room
Room
-7.48
Contaminated
corridor

8.8 corridor

(a) (b)

Figure 4. Calculated pressure distribution for each unit module. (a) Module 1; (b) Module 2.

2.4. Typical Floor Modeling and HVAC Design

Figure 5 depicts the layout of the supply and exhaust vents and the medical staff’s
travel path on the typical floor of the modular negative-pressure ward, including the unit
modules. The typical floor accommodates isolation rooms, a nurse station, a personal
protective equipment (PPE) changing room with a shower, a locker room, medical waste
disposal rooms (MWDRs), offices, and mechanical rooms. The layout comprises 8 beds
across 5 rooms, including 2 single rooms and 3 double rooms.

In the physical model, the stairwell was omitted, and the medical staff’s travel path
was designed to be separated from the patient’s travel path to prevent cross-infection [22].
Medical staff access the patient rooms via the nursing station, then pass through the PPE
changing room and the clean corridor. They exit through the door on the opposite side and
proceed to the external corridor. To minimize the spread of contaminants, the exhaust vents
in the patient room were positioned on the lower wall near the patient’s head [23], and
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all other supply and exhaust vents were placed on the ceiling. The elevator and machine
rooms were not air-conditioned and did not have separate supply and exhaust vents. The
physical model measures 18 m long, 46 m wide, and 2.4 m high. Meshing was performed
using a surface remesher, polyhedral mesher, and prism layer mesher. The grid size was
0.4 m, resulting in a total of approximately 48 x 10° cells.
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Figure 5. Locations of the supply and exhaust vents and travel path of medical staff.

Table 3 presents the calculation boundary conditions for Case A. Case A, assuming an
external corridor pressure of —10.0 Pa, and Case B, with a pressure of 0.0 Pa, both had a
supply air temperature of 26 °C. Gravity was set to 9.81 m/s?, and the calculation method
was the same as for the unit module. The boundary conditions for the supply and exhaust
vents were set as velocity inlet and pressure outlet, respectively. The supply air flow rate
for all spaces excluding the shower room and public toilets, which did not have their own
air vents, was calculated based on a minimum of 6 ACH. For the nursing station, the ACH
for the room was calculated as 13 times per hour. The anteroom of the isolation room had
an air change rate of 11 ACH, the single-patient room had an air change rate of 10 ACH,
the double-patient room had an air change rate of 8 ACH, and the contaminated corridor
(external corridor) had an air change rate of 7 ACH. Other rooms necessary for operations
and management had a minimum ACH of 6.

The exhaust airflow rate varied depending on the negative-pressure level. The main
difference between Case A and Case B was in the external corridor and MWDR 3. The
exhaust of Case A was 1800 cubic meters per hour (CMH), while that of Case B was
1500 CMH. In addition, MWDR 3 was also adjacent to the external corridor, so the pressure
values were different depending on the scenario. In Case A, negative-pressure control was
efficiently maintained, but in Case B, the pressure value was higher than planned, so the
exhaust air volume was increased from 400 CMH to 500 CMH.
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Table 3. CFD simulation boundary conditions for Case A.
CMH (m®/h)
Pressure (pa) Zone Remark
Supply Exhaust
Nurse station 2500
Medical staff’s prep room 100
0 Medical staff’s storage room 150
Internal corridor 1 350
Internal corridor 2 100 Clean zone
Internal corridor 3 200
1.0 Internal corridor anteroom x 2 190 230
o Office and waiting room 200 400
Clean corridor 900 1080
PPE changing room * 250 300
Shower room x 2 * - 100
Changing room x 2 * - 100
_25 Locker x 2 100 100
Public toilet x 2* - 100
Office corridor * 200 400
MWDR 1 * 300 600 C . d
MWDR 2 * 200 500 ontaminated zone
MWDR 3 * 200 400
—-5.0 Anteroom of an isolation room x 5 500 1900
75 Isolation room 1 and 2 640 960
o Isolation room 3-5 2070 3060
100 Attached toilet x 5 - 200
e External corridor 1500 1800
Total 10,650 12,230

* Separate exhaust zone.

3. CFD Calculation Results
3.1. Evaluating the Actual Pressure Difference and Airflow Blockage Performance Using Pressure
Distribution Analysis

The simulation results were analyzed on three criteria: pressure distribution, airflow
path, and indoor airflow velocity. The performance of inter-room pressure difference and
airflow blocking were evaluated using pressure distribution and airflow patterns, while
airflow velocity was used to assess occupant comfort.

Figure 6 shows the calculation results of the pressure distribution by cases on the
typical floor. Table 4 shows the average pressure value for each case. Atmospheric pressure
was consistently maintained in clean zones, comprising the nurse station, preparation
room, storage room, and internal corridors, for both cases. The PPE changing room
was not able to achieve the intended pressure of —2.5 Pa as a result of the supply of air
coming from the adjoining corridor anteroom. The pressure in the PPE changing room was
found to be higher than the planned, at —1.9 Pa, while the pressure in the shower room,
changing room, and public toilet was similar to the planned —2.5 Pa. Due to the negative
pressure in the zone, the pressure difference between the nurse station and the room was
maintained at approximately —2.5 Pa, which confirmed that the isolation performance
was met. The contaminated zone, including the patient rooms, anterooms, and attached
toilets, maintained the planned pressure levels, with a gradual increase in negative pressure
observed from the clean zone. More specifically, the average pressure for each room was
found to be —2.3 to —2.4 Pa for the clean corridor, —4.9 to —5.1 Pa for the anteroom, —7.5
to —7.6 Pa for the patient room, and —9.9 to —10 Pa for the attached toilet. Furthermore,
there was a potential for contaminated air to be released when medical staff exited the
patient rooms into the external corridor upon opening the doors. Most contaminants were
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effectively eliminated through the corridor’s exhaust vents, with no air diffusion detected.
The maintenance of this differential pressure between the rooms indicates that the HVAC
design airflow for the typical floor is appropriate. The differential pressure also creates an
airflow pattern from the clean zone to the contaminated zone.

Pressure (Pa)
-4.59

Clean CORR.

Clean CORR.

[T T T T L T LT LT
(b)

Figure 6. Calculated results of the pressure distribution of two cases by rooms in the typical floor.
(a) Module 1; (b) Module 2.

In Case A, the pressure in the external corridor was maintained at —9.5 Pa, creating a
pressure difference of 2.0 Pa with the patient room. However, the pressure in the separate
exhaust zone, MWDR 1 and 2, was found to be higher than the planned pressure due to the
influence of the adjacent room, the internal corridor. The pressure distribution by rooms in
Case A was found to be as follows: nurse station (clean zone) > PPE changing room > clean
corridor > anteroom > patient room > external corridor and attached toilet.
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Table 4. Average pressure value (Pa) by case.

Zone Case A Case B
Nurse station 1.31 0.86
Medical staff’s prep room 0.19 0.02
Medical staff’s storage room 0.35 0.04
Internal corridor 1 0.59 0.47
Internal corridor 2 0.11 0.08
Internal corridor 3 0.59 0.57

Internal corridor anteroom L —1.13 —0.99

Internal corridor anteroom R —1.07 —-10.9

Office and waiting room —-1.57 —1.59

Clean corridor —2.36 —2.35

PPE changing room —1.88 —1.89

Shower room —2.63 —2.69

Changing room —2.50 —2.53
Locker 0.09 0.06

Public toilet —2.46 —2.85

Office corridor —-2.10 —2.12

MWDR 1 —-0.78 —0.43

MWDR 2 —1.86 —0.69

MWDR 3 —2.45 —0.68

1 —5.11 —4.96

2 —4.89 —4.87

A.nterc.)om of an 3 _501 491

isolation room 4 —5.00 —4.92

5 —5.23 —5.13

1 —7.66 —7.49

2 —7.64 —-7.47

Isolation room 3 —7.60 —7.53

4 —7.61 —7.52

5 -7.63 —7.56

Attached toilet 1~5 —10.1 —10.00
External corridor —9.52 0.45

Conversely, in Case B, the pressure in the external corridor was equal to atmospheric
pressure, aligning the pressure level with the clean zone (nurse station and the internal
corridor). Thus, the pressure distribution by rooms was as follows: nurse station > internal
and external corridors > PPE changing room > clean corridor > patient rooms > attached
toilet. Furthermore, it was found that the pressure in the patient rooms, excluding the
toilets, was the lowest on the floor, ensuring that contaminants near patients were confined
within the rooms and adequately ventilated.

3.2. Evaluating the Indoor Airflow Rate and the Spread of Airborne Contaminants

The airflow velocity and contaminant spread within the dotted rectangular area
outlined in Figure 6 was investigated. Figure 7 illustrates the airflow pattern in the patient
rooms and corridors. Panel (a) shows the airflow pattern at a height of 0.85 m, while panel
(b) shows the airflow pattern in the undercut at a height of 0-5 mm. Table 5 presents the
average indoor airflow velocity for each case in Figure 7. For Case A, the analysis revealed
that some of the supply air intended for each room was not being completely exhausted
from those rooms and was instead leaking into the exterior corridor. However, although
air from the internal corridor was drawn into the external corridor, the contaminated air
could not move to the internal corridor and nurse station due to the pressure difference
between the rooms. As shown in Figure 7a, the average airflow velocity was 0.188 m/s
in the internal corridors, and 0.649 m/s in the external corridor, while the airflow in the
patient rooms was slower at 0.197 m/s. The supplied air was exhausted from the medical
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Case A

staff positions towards the direction of patient respiration. Eddies were observed near the
supply and exhaust vents, but they were typically confined to specific areas. As shown in
Figure 7b, the air velocity around the entrance door increased to a maximum of 3 m/s. This
is attributed to the small leakage area of the undercuts.

il il

Velocity: Magnitude (m/s) .
0153 0.307 046 0.614 0.767 0.92 N B5T8 o ocity: Maguinide (mis)

Velocity: Magnitude (mfs)
0.152 0.304 0.456 0.609 0.761 0.913

I ] Velocity: Magnitude (m/s)
117 1.76 235

(a) (b)
Figure 7. Airflow pattern in the patient room and corridor. (a) h = 0.85 m; (b) undercut.

Table 5. Indoor airflow velocity (magnitude) for each case in isolation rooms and internal/external
corridors (h = 0.85 m).

Case A Case B

Clean corridor 0.1602 0.5862
Anteroom 1 and 2 0.6391 0.3675
Isolation room 1 and 2 0.1795 0.1406
Toilet 1 and 2 0.1620 0.4030
Anteroom 3 0.3917 0.3846
Isolation room 3 0.1971 0.2839
Toilet 3 0.1553 0.3825
Internal corridor 0.1872 0.2728
External corridor 0.6495 0.5908

In Case B, air was exhausted in the patient room and the attached toilet without any
leakage into the exterior corridor. The airflow pattern in Case B panel (a) was similar to
that in Case A panel (a). In contrast, Case B panel (b) exhibited a different airflow pattern
compared to Case A panel (b). The average air velocity was 0.946 m/s in the patient room
and 0.938 m/s in the external corridor, showing the leakage towards the patient room. The
analysis revealed that the leakage air reached a maximum velocity of 3.5 m/s, formed rapid
airflow, and was observed only in the cross-section at the undercut height. A minimal
amount of leakage from the exterior corridor to the interior corridor was detected; however,
due to the proximity of the exhaust vent, the impact of contaminated air on the clean zone
is considered negligible. Figure 8 illustrates the airflow between the clean-zone nursing
support station and the contaminated-zone exterior corridor in the y-axis cross-section
of the internal corridor for the Case B design. In Case B, due to the pressure difference
between the interior and exterior corridors, leakage occurred at the top and bottom cuts
of all doors. However, the careful placement of supply and exhaust vents in the interior
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corridor ensured that all of the incoming air from the exterior corridor was exhausted
without diffusing into the clean zone. Furthermore, with the doors closed, the air remained
stagnant within each corridor zone, preventing any movement between them.

Internal corridor 1 External corridor

Internal
corridor 1

External corridor

Velocity: Magnitude (m/s) el
03 0.938

0 0.234 0.469 0.7 117 1.41

Figure 8. The y-axis cross-section of the internal corridor for case design.

4. Discussion

To propose an appropriate HVAC system design for modular negative-pressure wards,
this study employed CFD simulations by distinguishing cases where the external zone was
maintained at negative and atmospheric-pressure levels. Excluding the exhaust airflow
rates in the external corridor and medical waste disposal room 3 (MWDR 3), the input
conditions for Cases A and B were consistent. As a result, the analysis indicated that in
both scenarios, the contaminated air originating from the patient rooms did not affect the
clean zones. The airflow and pressure difference between the room and the adjacent room
were found to change depending on the pressure in the external corridor.

The pressure in the external corridor of Case A was the lowest at —9.5 Pa, causing
some air from the patient rooms, internal corridors, and MWDRs to flow into the external
corridor and be vented out. As a result, contaminated air did not spread to other adjacent
rooms and clean zones, and the internal corridor was found to play a role in preventing
contamination. However, Zahad’s study highlights the challenge of achieving energy
conservation targets in buildings with poor airtightness [24]. In this regard, there are
concerns that increasing the power of the exhaust fans to maintain a low pressure in the
external corridors could lead to higher energy consumption. Additionally, should the
exhaust fans malfunction, there is a risk of contaminated air spreading due to a collapse in
pressure difference.

In contrast, in Case B, contaminated air in the patient rooms and toilets was exhausted,
and the external corridor maintained atmospheric pressure, resulting in the same pressure
level as the clean zone. According to Lee’s study, airflow plays the most crucial role in
determining isolation performance [25]. Case B does not represent the airflow in a typical
negative-pressure isolation room. However, by designing the ventilation rate to be at
atmospheric pressure, the number of elements and devices required to maintain negative
pressure can be reduced, thereby saving energy. Moreover, in the event of a supply or
exhaust fan malfunction, this design is unlikely to cause issues with pressure maintenance,
preventing the spread of contamination. Here, the internal corridor located between the
clean zone and the external corridor is expected to act as a buffer space against the spread
of contaminated air. In other words, an appropriate ventilation system may be designed
according to whether the buffer space is present along the entry path of the contaminated
zone, thereby enabling energy conservation and efficient maintenance.

Given these findings, this paper proposes a pressure design for Case B that reduces
fan energy consumption and simplifies ventilation system management by setting the
pressure in the external corridor to atmospheric pressure. Due to challenges associated
with conducting comprehensive CFD simulations for all performance evaluations, this
study has prioritized minimizing cross-infection among medical staff and efficient system
validation. The isolation performance for contaminated air was indirectly assessed by
evaluating the maintenance of negative pressure and airflow patterns. This study lacks the
ability to measure contaminant concentrations and movement patterns, which is a limitation
compared to previous research on negative-pressure isolation rooms. Additionally, this
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study did not provide quantitative energy consumption data for each case, making it
impossible to compare them. However, this study breaks new ground by investigating
the system design and sound insulation performance of modular facilities, as opposed to
conventional buildings. It proposes a pressure design that considers the modular nature
of these facilities, thus making it a valuable contribution to the field. The insights gained
from this study can act as a valuable reference in informing future designs of modular
negative-pressure wards, helping to structure the floor plan based on varying levels of
negative pressure.

5. Conclusions

This paper utilized CFD simulations to assess the isolation performance of individual
modules in a modular negative-pressure ward, using the infill construction method to
determine the system airflow rates. A comparative analysis of inter-room pressure dis-
tribution and airflow was performed across the typical floor for each case, leading to the
proposal of an appropriate negative-pressure distribution.

A review of the airflow rate design of the supply and exhaust vents in the unit modules
showed that both Modules 1 and 2 maintained a pressure difference of at least 2.5 Pa
between the rooms, ensuring consistent airflow from the clean zone to the contaminated
zone. Based on the calculated airflow rate, CFD simulations were conducted for the entire
typical floor, confirming that the pressure difference between the rooms for both Case A
and Case B was 2.5 Pa or higher, with airflow occurring at a slow velocity of 0.1 to 0.2 m/s.
In particular, operating the ward based on the negative-pressure level of Case B could
prevent the spread of contaminated air and reduce energy consumption in the exhaust
system. Furthermore, establishing a separate room between the exterior corridor and the
clean zone effectively blocked air movement. This indicates that isolation can be achieved
without the need for negative-pressure control. Thus, in situations where negative-pressure
control is challenging due to leakage issues, maintaining atmospheric pressure within
the enclosed space is considered an effective approach, irrespective of whether the area
is contaminated.

This study can serve as a preliminary investigation for future research and real-world
applications of modular negative-pressure ward HVAC design. These insights provide
guidance for establishing pressure design directions based on the ward’s layout, thereby
facilitating a rapid design process. Ultimately, this will contribute to the rapid provision of
medical facilities in the event of a disaster situation, such as the COVID-19 pandemic.

This study did not compare energy consumption across different cases. We plan to
present quantitative values based on different scenarios in future research. Furthermore,
it appears that additional research is necessary on the design methods for maintaining
atmospheric-pressure-level pressure.
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