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Abstract: The primary requirement in designing air conditioning systems in healthcare facilities is
eliminating contaminants. It is considered one of the crucial health elements in building design,
particularly in the presence of many airborne diseases such as COVID-19. The purpose of this
numerical research is to simulate various ventilation designs for a hospital room model by taking into
account results obtained by previous researchers. Four designs with three airflows, 9, 12, and 15 ACH
(Air Change per Hour), are applied to explore the capacity of the ventilation system to remove con-
taminants. The objective is to determine the influence of airflow and the diffuser location distribution
on the pollutants elimination represented by carbon dioxide. The Reynold Averaged Navier–Stokes
(RANS) equations and the k-ε turbulence model were used as the underlying mathematical model
for the airflow. In addition, boundary conditions were extracted from ASHRAE (American Society
of Heating, Refrigeration, and Air-Conditioning Engineers Society) ventilation publications and
relevant literature. Contrary to what was expected, this study’s results demonstrated that increased
ventilation alone does not always improve air distribution or remove more contaminants. In addition,
pollutant removal was significantly affected by the outlet’s location.

Keywords: air quality; CFD simulation; trace study; contaminant removal

1. Introduction

The coronavirus pandemic has resulted in more than 15 million infections and over
619,000 deaths worldwide in 2020. The regions most affected by the pandemic are Asia,
particularly China, Europe, the United States, South America, and Mexico. Severe acute
respiratory syndrome (SARS-CoV-2) can spread over long distances in the air. Therefore,
airborne transmission played a significant role in the rapid propagation of the epidemic [1].
Given the rapid spread of the disease, hospitals are compelled to treat patients in isolation.
When an infected individual sneezes or coughs, microscopic particles are disseminated
throughout the environment. If another person inhales these particles, they may become
sick. Therefore, airborne infectious diseases can rapidly spread in an inadequately ven-
tilated isolation room. Rooms with a proper ventilation system will be free of infectious
airborne particles, such as viruses, bacteria, or microorganisms [2,3].

During the ventilation system operation, the occupants’ attention is focused on thermal
comfort because the sensation of thermal comfort is immediate and thermal discomfort
cannot be tolerated. However, poor air quality is hard to notice, so the occupants’ response
takes longer [4]. Therefore, efficient ventilation and adequate indoor air quality (IAQ)
are essential for human health, well-being, and productivity. For instance, a good IAQ
effectively removes indoor pollutants and introduces an adequate quantity of fresh outdoor
air for occupants [5]. Several indicators assess ventilation efficiency.

Contaminant removal efficiency (CRE) and air exchange efficiency (ACE) are indicators
regularly used as they can be easily measured both in a laboratory and in the field and can
be applied to all ventilation methods. In addition, they are generic, and almost all other
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indicators are extensions of them. For example, CRE is an indicator of the pollution level
in a room that depends not only on the airflow pattern but also on the characteristics of
pollutant sources, such as density, area, and position [4].

IAQ can be assessed in terms of the concentration of gaseous ingredients. Many
gaseous ingredients such as volatile organic compounds (VOCs), formaldehyde, nitrogen
oxides, sulfur oxide, carbon dioxide, carbon monoxide, particulates, and infectious pollu-
tants often degrade indoor air quality. The high concentration of these pollutants leads
to serious health effects and inconvenience for patients. However, pollutants other than
carbon dioxide are usually recorded as sufficiently below the standard limit [6]. In addition,
the carbon dioxide concentration depends on the number of humans inside an occupied
space. Therefore, carbon dioxide concentration is widely used as an indicator of IAQ.

No sole ventilation design solution can solve all the airborne transferable particle
concentration problems and consistently be cost-effective. Therefore, ventilation designers
must always consider the cost of installing and operating their systems and need effective
control strategies for air systems to make a feasible design [7]. Therefore, various healthcare
facility ventilation designs provide a minimum ventilation equivalent to 12 ACH (Air
Change per Hour) for isolation rooms [8]. According to [9], the transmission of air pollutants
can spread disease to healthcare workers and patients.

The pressure value of the air inside a hospital room should be checked and adjusted
correctly accordingly to its usage. For example, if the room is host to a transmissible
disease, the room’s pressure is lowered to prevent particles from leaking out of the room;
if the room is used for an operation, the room’s pressure is increased to prevent particles
from entering so the space can be kept sterile [10]. Therefore, for the systems serving
Airborne Infection Isolation Rooms (AIIR), negative air pressure must be designed relative
to adjacent rooms or hallways. However, an AIIR plan with negative pressure involves a
complex decision-making process [11].

Several studies have noted an interdependence between ventilation and health, but the
actual relationship and attributable mechanisms remain unclear. In addition, the data was
insufficient to define minimum ventilation standards to control the prevalence of airborne
disease in any setting. Consequently, it revealed the uncertainty about the connection
between ventilation and health [12].

Researchers have examined how different vent placements affect the flow and heat
transmission characteristics inside an enclosed system with a volumetric heat source. Three
aspect ratios H/W = 1, 2, 3, and three Rah = 103, 104, 105, have been examined together
with two global factors, the mass flow rate and Nu. The conclusion is that the position of
the vent should minimize the dead zone size. In addition, the transfer properties of the
system would improve if the dead zones were reduced [13].

The airflow direction depends on the room pressure and the inlet/outlet distribution
through the space. Accordingly, a cautious and intentional ventilation device can be
more effective in containing and removing airborne contaminants [12]. Unfortunately,
the literature does not provide enough indication of the location of outlets and inlets.
For example, it does not limit the maximum and minimum distances between the two
openings [14]. As per ASHRAE standards, space air diffusion has defined some particular
rules, trying to guide the designers toward the best solution. For example, it mentions that
the outlet diffuser should be located on the side of the room away from the supply diffuser
to reduce short-circuiting of supplied air [14].

Using computational fluid dynamics modeling and field measurement, a comparison
of the efficiency of three ventilation systems has been made in a study by Cho [11]. The
research aimed to protect medical personnel from inhaling patients’ respiratory droplets of
sputum in an isolation room provided with negative pressure. A new ventilation approach
for isolation rooms is proposed based on empirical data and simulated findings from three
ventilation systems that have been effective in removing pollutants. The results show that
ventilation systems using the “low-level extraction” method are superior for removing
contaminants from the breathing zone.
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The air change rate and pollutant removal efficiency were used to assess AIIR venti-
lation performance in three Finnish hospitals [14,15]. The results showed that the AIIR’s
and anteroom’s high ventilation rates (4–24) ACH were insufficient to stop the spread of
infectious microorganisms due to improper airflow.

Researchers at the University of Cordoba [16] conducted an experimental and numeri-
cal study to assess ventilation at three different rates of air change of 6, 9, and 12 ACH in
the transport of pollutants to a patient (P) lying in a hospital bed to a healthcare worker
(HCW) standing beside the bed. They found that increasing ACH cannot reduce exposure
and, in some circumstances, may increase it.

Another numerical study [17] aimed to recognize the role of ventilation in preventing
and controlling infection in general hospital wards and obtain a simple design, cost-effective
ventilation system to reduce infection. The study’s results revealed that rearranging the
air return diffuser position and increasing the aeration rate to 12 ACH kept the ventila-
tion under control and enhanced its ability to reduce the risk of transmitting diseases to
public wards.

Experimental and numerical tests have been performed [18] in a hospital to monitor
the circulation and removal of inhalable aerosols (0.5–10 µm) based on the ventilation rate
in the isolation room. It was found that increased ventilation from 2.5 to 5.5 ACH resulted
in reducing aerosol concentrations by only 30%. Higher ventilation rates were not relatively
effective in reducing the concentration of pollutants.

A numerical computational fluid dynamics (CFD) approach is applied by Lu et al. [19]
to investigate if the representation of CO2 could be achieved and explore contaminant
distribution in a two-bed hospital ward with two patients and one healthcare worker under
different types of ventilation. For simulating the exhaled and coughed contaminants by
patients with different postures, a tracer gas (CO2) is applied. The results demonstrate that
stratum ventilation minimizes the exposure risk of healthcare workers in hospital wards.
Furthermore, under stratum ventilation, the contaminant concentration in the breathing
zone at 1.3–1.7 m above the floor is lower, and the contaminant removal effectiveness is
comparably higher.

The primary limitations and solutions in the epidemic era have been assessed by
Fan et al. [20]. They reviewed the most up-to-date scientific literature on indoor ventilation
modes and manuals from different countries, identifying characteristics of different venti-
lation modes and evaluating effects in different application occasions. In addition, they
studied which virus spread regulations and operating modes, including non-uniform and
unstable ones, demonstrated the best performance for air quality.

To determine the importance of the air outlet near the patient, Borro et al. [1] investi-
gated the role of HVAC systems in spreading infection through CFD simulation cough at
Bambino Gesu Children’s Hospital in the Vatican State. In addition, the potential role of
exhaust ventilation systems placed over the mouth of a coughing patient was also assessed.
Despite doubling the airflow in the HVAC system providing a significant reduction in the
concentration of airborne pollutants, it also results in a significant increase in turbulent air
movement, which gives the droplets and air pollutants a spread of increased and faster
long-range in the room. However, the presence of the local exhaust ventilation (LEV) unit
above the patient’s face illustrates a very high capacity to reduce droplets and polluted air
in the room, guaranteeing the total absence of exposure to infection risks for the patient.

Another study [21] examined the ventilation system’s performance in a standard
hospital room using SolidWorks flow simulation software. Achieving indoor air quality
(IAQ) depends on many factors, including removing pollutants. Therefore, CRE greater
than one is strongly recommended for the optimal ventilation system. The simulation
gives a CRE of 1.23 for exhaled air, which means that the ventilation system is reasonably
efficient in removing polluted air, although the study result was satisfactory. However, the
results obtained through this study are not blindly applicable to hot and humid countries.

The primary goal of this research is to conduct a numerical study of several ventilation
system strategies for a hospital isolation room. This study focuses on determining the
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optimum strategy to protect healthcare workers from being inoculated, eliminate infec-
tious sources, or reduce their spread. The findings were explored in detail via the Local
Air Quality Index (LAQI) by demonstrating the efficiency of the ventilation to eliminate
contaminants at each point in the space. In addition, we present the trace study to illustrate
the steady-state diffusion of the contaminants and CRE to demonstrate the efficiency with
which the ventilation system eliminates them.

2. Methodology

CFD is the most advanced building simulation method and uses Navier–Stokes equa-
tions to solve the flow field in the fluid domain inside the building [22,23].

2.1. Governing Equations
2.1.1. Turbulence Model

Reynolds number is the product of representative velocity and length scales divided by
kinematic viscosity and characterizes laminar and turbulent flows. Most of the fluid flows
encountered in engineering practice are considered turbulent, so flow simulations were
mainly developed to simulate and study turbulent flows. Average Favre-Navier–Stokes
equations are used to predict turbulent flows, in which the effects of time-averaged flow
turbulence on flow parameters are considered.

Previous publications have established that the Reynolds-averaged-Navier–Stokes ap-
proach is adequate for modeling airflow in closed spaces. Two additional partial differential
equations associated with the k-ε turbulence model complete mathematical closure [12,23].

The general laws of mass, angular momentum, and energy conservation can be written
in a cartesian frame rotating at an angular speed Ω around an axis passing through the
origin of the frame in the following conservation form (Solidworks Flow Simulation). The
subscripts, unless stated otherwise, are used to denote summation over the three coordinate
directions, x, y, and z, associated with i = 1, i = 2, and i = 3, respectively [24,25]:

∂ρ

∂t
+

∂

∂xi
(ρui) = 0 (1)

∂ρui
∂t

+
∂

∂xi

(
ρuiuj

)
+

∂p
∂xi

=
∂

∂xi

(
τij + τR

ij

)
+ Si; i = 1, 2, 3 (2)

∂ρH
∂t

+
∂ρui H

∂xi
=

∂

∂xi

(
uj

(
τij + τR

ij

)
+ qi

)
+

∂p
∂t
− τR

ij
∂ui
∂xj

+ ρε + Siui + QH , (3)

H = h +
u2

2
+

5
3

k− Ω2r2

2
−∑

m
h0

mym, (4)

Here, u is the fluid velocity, ρ is the fluid density, Si is a mass-distributed external force
per unit mass due to a porous media resistance

(
Sporous

i

)
, a buoyancy

(
Sgravity

i = −ρgi

)
,

where gi is the gravitational acceleration component along the i-th coordinate direction,
and the coordinate system’s rotation (Srotation

i ), i.e., Si = (Sporous
i + Sgravity

i + Srotation
i ). h is

the thermal enthalpy, QH is a heat source or sink per unit volume, τij is the viscous shear
stress tensor, qi is the diffusive heat flux, Ω is the angular velocity of the coordinate system
in rotation, r is the distance between a point and the axis of rotation in the frame of rotation,
k is the kinetic energy of the turbulence, h0

m is an individual thermal enthalpy of the m-th
component of the mixture, ym is a concentration of the m-th component of the mixture.
Subscripts are used to indicate grouping across the three coordinate directions. In our study,
there is no rotation of the flow domain and no porous media resistance. Therefore, those
terms are set to zero in the simulations.

The viscous shear tensor for Newtonian fluids is defined as:

τij = µ

(
∂ui
∂xj

+
∂uj

∂xi
− 2

3
δij

∂uk
∂xk

)
(5)
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The Reynolds-stress tensor as the following Boussinesq assumption has the following form:

τR
ij = µt

(
∂ui
∂xj

+
∂uj

∂xi
− 2

3
δij

∂uk
∂xk

)
− 2

3
ρkδij (6)

Here, is δij the Kronecker delta function (it is equal to unity when i = j, and zero oth-
erwise), µ is the dynamic viscosity parameter, µt is the turbulent eddy viscosity coefficient
and k is the turbulent kinetic energy. Note that µt and k are zero for laminar flows. Within
k-ε turbulence model, µt is computed using the turbulent dissipation ε and the turbulent
kinetic energy k.

µt = fµ
Cµρk2

ε
(7)

Here fµ is a turbulent viscosity factor. It is defined by the expression

fµ =
[
1− exp

(
−0.0165Ry

)]2×(1 +
20.5
RT

)
, (8)

where: RT = ρk2

µε , Ry = ρ
√

ky
µ . with y the distance to the wall. This function makes it

possible to take into account the laminar-turbulent transition. Two additional transport
equations are used to describe turbulent kinetic energy and dissipation,

∂ρk
∂t

+
∂

∂xi
(ρuik) =

∂

∂xi

((
µ +

µt

σk

)
∂k
∂xi

)
+ Sk , (9)

∂ρε

∂t
+

∂

∂xi
(ρuiε) =

∂

∂xi

((
µ +

µt

σε

)
∂ε

∂xi

)
+ Sε , (10)

Here, the source terms Sk and Sε are given by:

Sk = τR
ij

∂ui
∂xj
− ρε + µtPB (11)

Sε = Cε1
ε

k

(
f1τR

ij
∂ui
∂xj

+ µtCBPB

)
− Cε2 f2

ρε2

k
(12)

Here, PB represents the turbulent generation due to buoyancy forces and can be
written as: PB = − gi

σB
1
ρ

∂ρ
∂xi

, where gi is the component of gravitational acceleration in the
direction xi, the constant σB = 0.9, and constants CB is defined as: CB = 1 when PB > 0, and
0 otherwise;

f1 = 1 +
(

0.05
fµ

)3
, f2 = 1− exp

(
−R2

T

)
(13)

The constants Cµ, Cε1, Cε2, σk, σε are defined empirically. In Solidworks Flow Simula-
tion, the following typical values are used [24]:

Cµ = 0.09, Cε1 = 1.44, Cε2 = 1.92, σk = 1.3, σε = 1

With the Lewis number Le = 1, the diffusive heat flux is defined as:

qi =

(
µ

Pr
+

µt

σc

)
∂h
∂xi

; i = 1, 2, 3. (14)

The constant is fixed at σc = 0.9, Pr is the Prandtl number, and h is the enthalpy. These
equations apply to laminar and turbulent flows. In addition, it is possible to switch from
one state to another and vice versa. Parameters k and µt are zero for purely laminar flows.
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2.1.2. Contaminant Substance

The contaminant substance in the room diffuses in a gaseous (or liquid) form in
the ambient air, called the carrier fluid. As the contaminant substance mass fraction y is
minimal (y << 1), it will not impact the carrier fluid flow’s properties. The contaminant
substance distribution in the room is modeled using the “Tracer Study Option” of the
software SolidWorks Flow Simulation. The following equation integrates the substance’s
non-uniform concentration and the carrier fluid’s pressure gradient [11,24].

∂ρy
∂t + ∂

∂xi

[
ρyui −

ρRT
pm

(
µ

pr ·Le
+ µt

prt ·Let

)
∂y
∂xi

]
= ∂

∂xi

m1m2
m2

[
−ρyv1−y

p

(
µ

pr ·Le
+ µt

prt ·Let

)
∂p
∂xi

] (15)

Here, ρ is the density of both carrier fluid and substance’s mixture (as y << 1, ρ can
be considered similar for both), t is time, xi is the i-th component of the coordinate system
used, ui is the i-th component of the velocity of the carrier fluid (the substance has the
same velocity), p is the static pressure of the carrier fluid, R is the universal constant of gas.
In addition, m is the molar mass (for both the carrier fluid and the substance’s mixture),
m1 is the substance’s molar mass, m2 is the molar mass of the carrier fluid, is the specific
volume of the substance. The other values are µ-the laminar viscosity, µt-the turbulent
viscosity, Pr, Prt-the laminar and turbulent Prandtl numbers, Le, Let-the laminar and
turbulent Lewis numbers, all of the carrier fluid.

2.1.3. Removal Effectiveness

(a) Contaminant Removal Efficiency (CRE)

CRE measures how well the ventilation system works to clear a room of contaminants.
It is defined, when more than one fluid is present in the control space [26], as:

CRE =
Ce

< C >
(16)

Here, Ce is the average contaminant’s mass fraction flowing outside the computational
domain, and < C > is the average contaminant’s mass fraction inside the computational domain.

A value of CRE = 1 means an equilibrium, an uniformly mixed system. CRE values
greater than 1 mean that contaminant is removed from space, while a value less than
1 refers to an increasing contaminant concentration.

(b) The Local Air Quality Index (LAQI)

The LAQI indicates the ventilation system’s efficiency in removing polluted air from a
specific point in the computational domain. It can be defined, when there is more than one
fluid in the control space, [19] as:

LAQI =
Ce

C
(17)

where Ce is the average contaminant’s mass fraction flowing outside the computational
domain, and C is the mass fraction of the contaminant at a specific point.

A value of LAQI = 1 characterizes a perfectly mixed system. Otherwise, a higher LAQI
characterizes a better capacity of the ventilation system to exhaust polluted air from that
specific point.

2.2. Model Description

A sample of a hospital isolation room (Tables 1 and 2) was developed to conduct
the present research. Inside the room, three models have been added. The first is the
bed, then the health care worker (HCW) standing beside the bed and the patient lying
on the bed. The air enters the room conditioned and refreshed at the inlet, while the
contaminated air is eliminated through the outlet. Three light bulbs are mounted overhead,
as shown in Figure 1. Previous studies suggested some designs that achieved optimum
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performance for either removing contaminants or enhancing thermal comfort. Based on
that, we investigated how these designs influence the environment inside the space. As a
result, the designs of (Figure 2a,b) were recommended by Çuhadaroğlu and Sungurlu [27],
and the design of (Figure 2c) was selected by Thatiparti et al. [28]. Lastly, the design shown
in (Figure 2d) was chosen by Cho [11] for optimal results.

Table 1. Dimensions Details of The Room’s Computational Domain and The Models [29,30].

Length (m) Width (m) Height (m)

Room 5.00 4.00 2.8
Diffusers 0.4 0.4 -

Bed 2.2 0.9 0.4
Mannequin 1.75 0.6 -

Table 2. Locations of Air Diffusers and Ventilation Volume for Each Computational Case.

Case No. Air Inlet (AI) Air Outlet (AO) Distance
(m)

Ventilation
Flow Rate (m3/s)

1, 2, 3 Sidewall Sidewall AI = 0.5 roof,
AO = 1 floor

0.14, 0.18, 0.23 for
ACH 9, 12 and 15

4, 5, 6 Sidewall Sidewall AI = 0.5 roof,
AO = 0.5 floor

0.14, 0.18, 0.23 for
ACH 9, 12 and 15

7, 8, 9 Behind the
HCW In front of HCW AI = AO = 0.5 roof &

floor
0.14, 0.18, 0.23 for
ACH 9, 12 and 15

10, 11, 12 Roof Roof AI = 1 SW
AO = 0.5 SW

0.14, 0.18, 0.23 for
ACH 9, 12 and 15
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2.3. Boundary Conditions

Steady-state simulations are performed to verify pollutant concentration and thermal
comfort through different ventilation designs. Initially, the airflow supply was main-
tained at 9 ACH with no return air [19]. Afterward, the 12 and 15 ACH were applied.
For the system airborne infectious isolation rooms (AIIR), according to the American
standard ASHRAE 170 [31], the pressure difference is essential to be maintained, and it
was set at 2.5 Pa at the outlet. Heat sources for both the health care worker and patient,
as well as the ceiling light, have been chosen to be 144 W/m2, 81 W/m2, and 11 W/m2,
respectively [21,31]. In addition, it was assumed that the walls are adiabatic, with no
heat transfer or storage within, and the air inlet temperature is 25 ◦C, while the ini-
tial room temperature is 16 ◦C, the pressure is 101, 325 Pa and the relative humidity is
50%. Moreover, pollutants are represented by carbon dioxide, which is excreted through
the patient’s mouth with a mass flow of 0.00014 kg/s, at a temperature of 34 °C with
100% humidity [19,32]. The turbulence intensity in the inlet was set at 20% within the
recommended limits (10–30%) [33]. For the low-velocity value, 2% has been chosen in the
range of 1–5% [34]. The length scale variation does not influence the flow pattern at a low
inlet turbulence intensity value. However, its effect starts to appear from the 40% value of
turbulence intensity. The turbulence length was chosen for both the inlet and the patient’s
mouth based on the recommendations in reference [35].
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2.4. Mesh Independency Study and Solution Convergence Criteria

The domain has been split through a computational mesh along the coordinate sys-
tem’s axes as rectangular parallelepipeds cells using a set of orthogonal planes. First, the
original parallelepiped cells containing boundaries are split into several parts. The basic
mesh is coarse. It is constructed for the whole domain at the beginning of the process
and formed by dividing the domain by parallel planes into slices orthogonal to the Global
Coordinate System’s axes. Next, the mesh is refined locally by splitting a cell into eight
through three orthogonal planes that divide the cell’s edges into halves. The level of the
initial mesh (Lini) is specified between (3–7) for each mesh, respectively, and the minimum
gap size (hgap) is 0.01 m. This ensures that the flow passage through the gap is a width
larger than the specified minimum gap size.

The local mesh was applied as a cube surrounding the occupants (the area of interest).
The mesh is refined near the fluid/solid boundary to have the first grid point inside the
viscous sublayer (y+ ≤ 5). We encountered convergence issues for higher values of y+

for the first grid point, although the study is steady state. Therefore, the log-law for the
mean velocity near the walls is applied when 5 < y+ < 11.225, and the laminar stress–strain
relationship is applied for lower values.

Furthermore, the enhanced wall treatment is applied for the standard k-epsilon with
the low Reynolds model. This near-wall modeling method combines the two-layer model
with enhanced wall functions [2,12,36]. Different grid sizes have been tested for accuracy.
Five simulations were carried out from 125,843 to 3,680,531 cells to increase the precision
of the results. An internal point was chosen in the domain to determine the temperature
error throughout the refined meshes to assess mesh convergence. Figure 3 illustrates LAQI
error fluctuation at the outlet for different mesh sizes. The convergence is achieved with a
2 million cells mesh.

Designs 2023, 6, x FOR PEER REVIEW 9 of 25 
 

 

intensity value. However, its effect starts to appear from the 40% value of turbulence in-
tensity. The turbulence length was chosen for both the inlet and the patient’s mouth based 
on the recommendations in reference [35]. 

2.4. Mesh Independency Study and Solution Convergence Criteria 
The domain has been split through a computational mesh along the coordinate sys-

tem’s axes as rectangular parallelepipeds cells using a set of orthogonal planes. First, the 
original parallelepiped cells containing boundaries are split into several parts. The basic 
mesh is coarse. It is constructed for the whole domain at the beginning of the process and 
formed by dividing the domain by parallel planes into slices orthogonal to the Global 
Coordinate System’s axes. Next, the mesh is refined locally by splitting a cell into eight 
through three orthogonal planes that divide the cell’s edges into halves. The level of the 
initial mesh (Lini) is specified between (3–7) for each mesh, respectively, and the minimum 
gap size (hgap) is 0.01 . This ensures that the flow passage through the gap is a width 
larger than the specified minimum gap size. 

The local mesh was applied as a cube surrounding the occupants (the area of inter-
est). The mesh is refined near the fluid/solid boundary to have the first grid point inside 
the viscous sublayer (y+ ≤ 5). We encountered convergence issues for higher values of y+ 
for the first grid point, although the study is steady state. Therefore, the log-law for the 
mean velocity near the walls is applied when 5 < y+ < 11.225, and the laminar stress–strain 
relationship is applied for lower values. 

Furthermore, the enhanced wall treatment is applied for the standard k-epsilon with 
the low Reynolds model. This near-wall modeling method combines the two-layer model 
with enhanced wall functions [2,12,36]. Different grid sizes have been tested for accuracy. 
Five simulations were carried out from 125,843 to 3,680,531 cells to increase the precision 
of the results. An internal point was chosen in the domain to determine the temperature 
error throughout the refined meshes to assess mesh convergence. Figure 3 illustrates 
LAQI error fluctuation at the outlet for different mesh sizes. The convergence is achieved 
with a 2 million cells mesh. 

Regarding the last two meshes (until 3.68 million cells), the convergence error is re-
duced to 4.43% for LAQI and less than 0.2% for the temperature, as shown in Figure 3. 
According to [2], a convergence error of less than 5% for the LAQI is acceptable. This ac-
curacy is sufficient for doing the simulations, considering the power of the CPU, the do-
main magnitude, and the complicated curvy surfaces [37]. 

 
Figure 3. Mesh Independence (%Error_LAQI and Temperature) vs. Number of Elements. Figure 3. Mesh Independence (%Error_LAQI and Temperature) vs. Number of Elements.

Regarding the last two meshes (until 3.68 million cells), the convergence error is
reduced to 4.43% for LAQI and less than 0.2% for the temperature, as shown in Figure 3.
According to [2], a convergence error of less than 5% for the LAQI is acceptable. This
accuracy is sufficient for doing the simulations, considering the power of the CPU, the
domain magnitude, and the complicated curvy surfaces [37].

Convergence occurs when the solution no longer changes with successive itera-
tions [24,25]. The convergence takes around 1100 iterations with a computation time
of around 28 hours for each case on a single-processor desktop computer.
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3. Results and Discussion

The results allow an understanding of how the mechanism of pollution transmission
would be affected by adjusting the flow and the location of the air diffusers to find the
optimum case through the results.

3.1. Cases 1, 2 and 3

As mentioned, each design has been tested using three cases with different airflows.
In this design, the inlet is close to the ceiling at 0.5 m, and the outlet is located on the other
side behind the patient at level 1 m from the floor, as shown in Figure 2a.

3.1.1. Local Air Quality Index (LAQI)

Using carbon dioxide as a proxy for the exhaled contaminant is one of the ways to
study the air quality. Results were taken at the height of 1 m from the ground. Pollutant
concentrations are lower when the value of LAQI is high. Figure 4a at 9 ACH indicates that
the area near the exhaust is where most pollutants are removed, especially at the center of
the outlet. LAQI gradually decreases away from the outlet.
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In contrast, the HCW area behind the bed and the area near the inlet is character-
ized by a LAQI of approximately 0.6. It is less effective in removing contaminants as
the force of the air is not strong enough to push the pollutants toward the outlet. This
influence of ACH number on the airflow and the mixing process has also been illustrated
by Berlanga, F. A. et al. [30].

At 12 ACH (Figure 4b), it can be observed that the removal is less effective at the
lower part of the outlet level, while it is higher in the upper part, up to the inlet level. The
removal effectiveness in the upper part will also be apparent in the Trace Study of CO2
(Flow Trajectories) section of each case.

3.1.2. Tracer Study of CO2 (Flow Trajectories) Section of Each Case

When the ventilation increases to 15 ACH (Figure 4c), the pollutants are concen-
trated near the outlet. LAQI value is about 0.15 near the source (patient’s mouth), and
0.54 near the outlet as the particles are forced out of the outlet more quickly. However, the
contaminants are extended over a larger area. This result agrees with Ameer et al. [26].
They found that a higher airflow velocity results in a larger polluted region with a lower
concentration of pollutants, as the particles are forced out of the outlet more quickly. This
finding corresponds with an experimental study concluding that an increased airflow
decreases exposure to contaminants [30].

3.1.3. Tracer Study of CO2 (Flow Trajectories)

As mentioned, the pollutant is represented by the carbon dioxide emitted by the
patient’s exhale, and its movement and concentration are explored over the room. The
concentration is given as parts per million, ppm. The flow from the patient’s mouth has
been considered 0.00014 kg/s. At a level of 1 m, there is noticeably less concentration
at the outlet, around 0.0008 ppm, and about 0.001 ppm inside the air stream at 9 ACH
(Figure 5a). However, at 12 ACH (Figure 5b), it is found that the mixing is more significant,
and the pollutant concentration is approximately 0.00065 ppm lower on the opposite side
of HCW. However, the area of HCW still has a high pollution concentration of about
0.0008 ppm. On the contrary, at 15 ACH (Figure 5c) demonstrates that a more extensive air
volume circulation improves pollutant removal. The concentration is about 0.0004 ppm.
These results correspond to a similar experimental study, which shows that a higher ACH
increases removal [30] while some contaminants are still contained under the inlet at
0.0007 ppm.
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3.2. Cases 4, 5 and 6

In the following cases, the design is similar to the previous one, with a different outlet
location. The new position is 0.5 m from the floor instead of 1 m, as shown in Figure 2b.

3.2.1. Local Air Quality Index (LAQI)

The elimination of pollutants after adjusting the outlet place at the level of the head is
seen as supplementary and practical. This is due to removing pollutants from the patient’s
mouth directly towards the outlet. This behavior corresponds to an experimental study
showing that the outlet position affects the removal effectiveness [30].

The LAQI value in Figure 6a, at 9 ACH, is around 5 in the HCW area, while it is 0 in
the area behind HCW, close to the corner. This area has a lot of contaminants due to the
shortness of mixing.

In Figure 6b, for 12 ACH, the LAQI values are, in general, close to 10, which is excellent.
However, the HCW area is still exposed to contamination, with LAQI values between 3.5–7.

For 15 ACH, in Figure 6c, the strong airflow and strategic placement of the outlet, as
indicated by Ameer et al. [26], keep the whole room relatively clean. The most contaminated
area is near the outlet and has a LAQI value of between 1.45 and 3.3.
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3.2.2. Tracer Study of CO2 (Flow Trajectories)

Pollutant removal must also consider the pollutant’s particle circulation inside the
room. The simulation results were shown for 9 ACH in (Figure 7a)). The presence of
contaminants is at 0.0005 ppm behind the HCW, which is considered a high value. The
majority of the area of the HCW side has contaminants around 0.0004 ppm. In Figure 7b,
for 12 ACH, the concentration decreases in the same area to 0.0003 ppm.
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On the other hand, near the outlet, the value exceeds 0.001 ppm due to the outlet being
near the source of CO2 (patient’s mouth). Moreover, as shown in Figure 7c, for 15 ACH,
almost all concentrations within the room are less than 0.0001 ppm except for the area
above the bed. This configuration, associated with the ACH value and the outlet position,
has been predicted and recommended by Berlanga, F. A. et al. [30].
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3.3. Cases 7, 8 and 9

In this design, the inlet is at the top of the wall behind the HCW at a distance of 0.5 m
from the roof, and the outlet is located on the bottom, close to the floor on the other wall’s
side at a distance of 0.5 m as shown in Figure 2c.

3.3.1. Local Air Quality Index (LAQI)

The placement of the inlet and outlet is a significant factor in determining how well
pollutants are eliminated [26]. Figure 8a for 9 ACH shows that the area of minimum
contamination appears on the right side of the HCW with LAQI values between 0.8 and 1.
However, the region, as a whole, is still exposed to pollution due to the air pushing
pollutants and not pulling them directly.
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An improved contamination removal is observed at 12 ACH (Figure 8b), the area
surrounding the HCW has a LAQI value near 0.95. However, there is still some spread
toward the unoccupied region because of the air path, which makes the other side (close to
the outlet) full of pollutants. It seems that the air velocity was not sufficient to remove the
pollutants effectively.

The 15 ACH (Figure 8c) appears as the best flow rate for this design in eliminating
pollutants based solely on the force of the air. As a result, most of the space has an optimum
value of LAQI of more than 1, except the region between the pollutants source and the outlet.
This result corresponds with the experimental study by Berlanga, F. A. et al. Furthermore,
higher airflow enhances the elimination of the existing contaminants inside the space [30].

3.3.2. Tracer Study of CO2 (Flow Trajectories)

Figure 9a at 9 ACH shows that the pollutant concentration is reduced in the air path
between the inlet and the outlet, which helps to ensure a clean area. The concentration near
the patient is 0.0005 ppm. Nevertheless, the rest of the room has a concentration of approx-
imately 0.0018 ppm, which corresponds with the outcomes from the LAQI analysis. For
12 ACH (Figure 9b), the results show the area far from the ventilation pathway has a slightly
lower concentration, about 0.0011 ppm. As for 15 ACH (Figure 9c), the efficiency improves,
where the values are approximately 0.0007 ppm for the unoccupied region. Kong X. et al.
observed a similar impact of various ventilation systems on pollutant emissions through
an experimental study [38].
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3.4. Cases 10, 11 and 12

Both inlet and outlet are roof-mounted in this design. The distance from the side wall
is 1 m for the inlet and 0.5 m for the outlet, as shown in Figure 2d.

3.4.1. Local Air Quality Index (LAQI)

As illustrated in Figure 10a for 9 ACH, the outlet absorbs contaminants emitted from
the patient’s mouth, but some fall due to gravity and are stuck in the lower level. The value
of LAQI starts around 0.1 close to the source, and it goes up gradually as the concentration
of the contaminants reduces towards the outlet. At the same time, Figure 10b at 12 ACH
results show that the increase in the airflow leads to more polluted regions. The mixing
increases due to the higher airflow as emitting the pollutants here depends on the buoyancy.
Low LAQI values are observed near the patient. At 15 ACH (Figure 10c), the contaminated
area is confined near the inlet region towards the working area. Therefore, a correlation
between airflow and pollution levels is noticed.
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3.4.2. Tracer Study of CO2 (Flow Trajectories)

At 9 ACH, it can be seen in Figure 11a that the pollutants are present at a high
concentration of about 0.004 PPM at the source location (patient’s mouth). It gradually
decreases towards the outlet, while the unoccupied area has a minor concentration of
around 0.0004 ppm. As shown in Figure 11b at 12 ACH, the mixing of pollutants increases,
which helps spread their concentration over a larger volume, especially the HCW side,
where the result is 0.0035 ppm. The airflow increase affects the distribution of these
pollutants around the space. At 15 ACH, as seen in (Figure 11c), there is a similar effect with
case 11 at 12 ACH, the region where the inlet exists has lower contaminants, with a value
of 0.0004 ppm. Referring to the inlet location in this design, removing the contaminants is
considered inappropriate. This confirms the results of the experimental study [30], which
found that the ventilation performance of the side inlet/ outlet design was significantly
higher than that of the top inlet/outlet design.
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3.5. Contaminant Removal Effectiveness (CRE) 
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CRE values occur in cases 4, 5, and 6, where the outlet is situated close to the head at a 
low elevation. Compared to other designs, this one effectively removed contaminants 
from the space. At the same time, a similar design (Figure 2a) was used for cases 1, 2, and 
3, where the outlet was situated above the patient’s head, resulting in an undesirable out-
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3.5. Contaminant Removal Effectiveness (CRE)

In the diagram in Figure 12, it can be noticed from the model (Figure 2b) that the
best CRE values occur in cases 4, 5, and 6, where the outlet is situated close to the head at
a low elevation. Compared to other designs, this one effectively removed contaminants
from the space. At the same time, a similar design (Figure 2a) was used for cases 1, 2,
and 3, where the outlet was situated above the patient’s head, resulting in an undesirable
outcome. Meanwhile, for the third design, case 9 at 15 ACH (Figure 2c) has the optimum
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CRE with a value of more than 1.5. Finally, in the fourth design case (10, 11, and 12)
illustrated in Figure 2d, all of these airflows achieved the minimum required contaminant
removal performance.
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Figure 12. Comparison of room’s CRE values for the different test cases.

The following charts are drawn along a 2 m horizontal line located 1 m from the
ground, above and parallel to the patient. We compare LAQI through aeration value.
Results in Figures 13 and 14 illustrate the excellent values for pollutant removal efficiency
in cases 4 and 5. However, case 6 at 15 ACH, as shown in Figure 15, does not show
adequate results at the beginning of the bed area where the contaminants’ source exists.
Away from the patient’s mouth, LAQI values rise dramatically. The other cases, even
with the proximity from the outlet, still have low and fluctuating values, which could not
be recommended.
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4. Conclusions

Ventilation dramatically impacts human health because of its effect on the dispersal
of contaminants like SRAS-COVID-19. Therefore, it is crucial to have a ventilation system
that can prevent the spread and decrease the transmission of contaminants in buildings,
especially in healthcare facilities. Cases 4, 5, and 6 of the second design yielded optimum
results for pollution removal. All the cases achieved a CRE value higher than 5. The
contaminants were removed quickly due to the proximity of the outlet to the source of CO2.
The outlet is located at 0.5 m from the floor in these cases. These cases correspond to the
conclusions of Cho [11].
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On the other hand, the worst position for the outlet was in the first design, where the
outlet was above the level of the patient in cases 1, 2, and 3. In this configuration, case 3 is
the only one with a CRE value higher than 1. However, in cases 3 and 6, at 15 ACH, the
airflow becomes horizontal due to the force of air which overcomes gravity.

The analysis shows that LAQI values are of similar magnitude, except for cases 4, 5,
and 6, which show significantly better performances. These results correspond with several
experimental studies, showing similar performances for different airflow intensities and
inlet/outlet positions [30]. Additionally, dead zones should be avoided; the airflow cannot
reach these regions to improve the removal of the contaminants [13].

Despite abundant studies in this field, considerable effort is still required to identify
the best solutions. In addition, many difficulties remain during the modeling process, such
as the magnitude of the model and the human body’s unique design, making meshing
challenging. Furthermore, the experimental work will play a vital part in confirming the
outcomes alongside these simulations.
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