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Abstract 

The current epidemic situation created a challenge for the 

healthcare industry in designing quick-to-build isolation 

rooms to prevent the spread of infection. ASHRAE and 

various organizations have defined various standards in 

designing airborne infection isolation rooms, such as 

maintaining pressure differential with adjacent spaces and 

minimum air-exchange rates. However, there is still 

uncertainty whether the room is refreshed uniformly or 

there are any stagnant, under-ventilated areas in the room 

where infectious contaminants might be concentrated. 

This study aims to develop a methodology to examine 

airflow behavior for a ventilation strategy in an isolation 

room using computational fluid dynamics (CFD). The 

simulations have been carried out using the open-source 

CFD software package OpenFOAM with cloud-based 

computational technology. The contamination diffusion 

field modeled using the passive scalar transport method. 

The simulation uses k-ε turbulence model and 

compressible fluid flow by considering the effect 

temperature. In this study, three different ventilation 

strategies are analyzed based on the contaminant 

distribution pattern and effective removal of contaminant 

from the room. The results show that the strategy utilizing 

two exhaust air grilles on the wall behind the bed in the 

human breathing zone is very effective in contaminant 

removal without much spread in the room. 

Key Innovations 

● Methodology to evaluate contaminant removal 

pattern and ventilation effectiveness using CFD. 

Research Implications  

The methodology is found helpful in determining the 

contaminant behavior exhaled by a patient in AIIR. The 

ventilation strategy with the exhaust location near-patient 

head in the human breathing zone is found effective  

Introduction 

Transmission of infectious diseases via airborne routes is 

one of the key factors in spreading many diseases, 

including Severe Acute Respiratory Syndrome (SARS), 

Tuberculosis, and Influenza (Jensen et al. 2005). 

Outbreaks of such airborne diseases in healthcare centers 

increase infection risk from patients to healthcare workers 

and other patients (Guo et al. 2020). Isolation is an 

elementary control strategy using an airborne infectious 

isolation room (AIIR) prescribed by various health 

organizations with administrative controls such as 

wearing personal protective equipment (PPE) and hand 

disinfection. But to reduce the risk of infection, HVAC 

systems are considered to control the contamination 

exposure to the HCWs entering the room.  

Many studies have been conducted for analyzing the 

spread of airborne viruses in surgical and isolation rooms 

(Bjørn and Nielsen 2002; Rice et al. 2001). The focus of 

the studies is diffusion analysis of viral pathogens. (Yin et 

al. 2009), used tracer gas to analyze the contaminant 

concentration exhaled by the patient. (Li et al. 2007), (Yu 

et al. 2005) explored infection paths in hospitals where the 

outbreak occurred by simulations and examining tracer 

gas concentration in the space. Studies on the spread of 

pathogens generally consider the source of the 

contaminants or pathogens as air exhaled from the patient 

while breathing. (Hathway et al. 2011) considered 

breathing as air exhaled in a steady-state manner with a 

volume flow rate of 12L/min. The experimental 

investigation conducted by (Yin et al. 2009) focuses on 

mixed and displacement type ventilation strategy; the 

study shows that the exhaust location affects a significant 

difference in contaminant concentration in the room. (Cho 

2019) investigated the effect of supply and exhaust 

diffuser configuration on contaminant distribution using 

tracer gas and verified with numerical simulations. 

Limitations on cost and time required for the experimental 

data with uncertainty due to the environment variations, 

instrumental and human errors can reduce the accuracy of 

experimental results. The numerical method of fluid flow 

analysis, commonly known as computational fluid 

dynamics (CFD), has some important advantages over 

experimental testing. Unlike experimental testing, a CFD 

study can be conducted before the actual installation of an 

HVAC system. So, helpful to get insight into airborne 

dispersion and ventilation effectiveness. CFD technology 

is increasingly democratizing with computer technology 

development such as cloud computing and open-source 

software tools, e.g., OpenFOAM. 

In this study, simulated airflow associated with three 

different ventilation arrangements inside a typical 

negative pressure AIIR with three different ventilation 

strategies based on the location of exhaust on airflow 
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pattern, pollutant distribution is analyzed. Computational 

Fluid Dynamics (CFD) found it helpful to understand 

pathogen dispersion and airflow behavior. 

Design of Airborne Infection Isolation Room (AIIR) 

The designs standards for AIIR varies with respect to 

country Table 1 summarizes the AIIR standards for 

different countries  

Generally, the following principles used in designing 

AIIRs: 

● Maintaining lower air pressures than adjacent 

spaces (Negative pressure). 

● Optimization of the airflow pattern to reduce the 

mixing of infectious particles. 

● Dilution of infectious particles with large air 

volumes (ACH) around. 

● Air filtration to stop contamination with outside 

air– HEPA filters, etc. 

Table 1: Design standards for the ventilation of AIIR 

Country Air Change 

rate 
Pressure 

differential 
Recirculation 

USA >12 2.5 Pa Yes  

(w/HEPA Filter) 

Canada >9 - Yes  

(w/HEPA Filter) 

UK >10 5 Pa No 

Norway >12 5 Pa No 

Australia >15 15 Pa No 

Hong 

Kong 

>12 2.5 Pa Yes  

(w/HEPA Filter) 

Korea >12 2.5 Pa Yes  

(w/HEPA Filter) 

 

Most of the standards suggest maintaining a high air 

change rate for quick removal of infectious particles and 

specified negative pressure levels to prevent these 

particles' escape from the room to adjacent spaces. To 

maintain the negative air pressure, the volume of exhaust 

air needs to be more than the supply volume to maintain 

a specified pressure level. Also, a sufficient amount of 

airtightness and anterooms are provided for additional 

pressure barriers. The AIIR design, according to 

ASHRAE-170 standard is to provide a single pass 

approach that brings clean air to the contaminated zone. 

Recirculation can improve the ventilation system's 

performance but recommend with HEPA filters, rated 

99.97% efficient at removing particles ≥ 0.3 microns. 

Even though the isolation room meets the above 

specifications, there is still a chance to concentrate 

infectious contaminants due to stagnation or under-

ventilation in some areas. The present work aims to study 

the effect of ventilation locations on contamination 

concentration and flow path of contaminants within the 

room. 

Numerical methodology  

AIIR geometry and design 

In this numerical study, the design guidelines and 

standards were referred for designing AIIR geometry and 

ventilation strategies. A total of three cases were 

examined – with different exhaust locations. As the effect 

of different locations of exhaust from the patient was the 

area of interest. The air is supplied in the room through 

the overhead ceiling diffusers.  Figure 1 illustrates three 

different configurations of exhaust locations with respect 

to the patient used in this study.  

● Case 1: Air supplied through overhead ceiling 

diffusers over the patient's right side, and wall-

mounted exhaust air grill placed left side 0.2 m above 

the floor. 

 

Figure 1 (a): Schematic layout of the alternate AIIR ventilation 

configuration for case 1 

● Case 2: Relocated patient's bed below the exhaust 

grill and the exhaust grill shifted upward near the 

ceiling. Supply diffuser locations kept the same as in 

Case 1. 

 
Figure 1(b):  Schematic layout of the alternate AIIR ventilation 

configuration for case 2 

● Case 3: Single exhaust split into two exhausts located 

on either side of the patient. Supply diffuser and 

patient locations kept the same as in Case 2. 
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In all three cases with the primary exhausts, an auxiliary 

exhaust is provided below the bathroom door, as shown 

in the figures. 

 

 

Figure 1(c):  Schematic layout of the alternate AIIR ventilation 

configuration for case 3 

Modeling of Exhalation of air while breathing 

The diffusion of contamination inside the room is 

analyzed according to the location of supply and exhaust. 

The ventilation flow and airborne contamination are 

investigated by considering the steady-state breathing of 

the patient. The focus of the study is the removal of 

infectious contaminants breathed out by the patient. As 

normal breathing is a continuous activity with very low 

velocity, so can be considered as a steady-state process. 

To simulate infectious disease viruses, passive scalar 

species of tracer gas SF6 is modeled with emission of a 

1% concentration in 300mL/min a steady-state flow rate 

from the patient's mouth, which is similar to what has 

been used in an experimental study (Yin et al. 2009).  

Governing equations and CFD modeling 

To assess the spread of airborne contamination, It needs 

to determine parameters like airflow velocity, 

temperature, and contaminant concentrations. These can 

be obtained by solving the system of governing equations, 

including continuity, momentum, contaminants, and 

energy.  

Continuity equation: 

 
𝜕𝜌

𝜕𝑡
+

𝜕(𝜌𝑢𝑗)

𝜕𝑥𝑗

= 0 1 

Momentum equation:  

 
𝜕(𝜌𝑢𝑖)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗

(𝜌𝑢𝑗𝑢𝑖) =  − 
𝜕𝑝

𝜕𝑥𝑖

+
𝜕𝜏̂𝑖𝑗

𝜕𝑥𝑗

 2 

Energy equation: 

𝜕(𝜌𝐸)

𝜕𝑡
+

𝜕(𝜌𝑢𝑗𝐻)

𝜕𝑥𝑗

 

=
𝜕

𝜕𝑥𝑗

[𝑢𝑖𝜏̂𝑖𝑗 + (𝜇 + 𝜎 ∗ 𝜇𝑇)
𝜕𝑘

𝜕𝑥𝑗

− 𝑞𝑗] 

3 

 

 

The above set of equations was numerically solved using 

the finite volume method. The computational fluid 

domain of the room was discretized into a hex-dominant 

polyhedral mesh of approximately 1.8 million cells. 

Sufficient refinement was provided on supply, exhaust, 

and the area of interest  

Generally, all the indoor airflows are turbulent, and 

turbulence models are needed to evaluate the turbulent 

effect on momentum and heat transfer. This study uses an 

SST k-omega turbulence model because of its advantages 

over a standard k-epsilon model to capture flow near as 

well as away from the wall. The velocity-pressure 

coupling is solved by means of the SIMPLE algorithm for 

the steady-state modeling using open-source C++ library 

OpenFOAM-6. 

The pathogen or contaminant transport can be typically 

approached in one of two ways in CFD. A passive scalar 

model in which contaminant is treated as a concentration 

transported with the fluid. In which particle properties are 

approximated through a diffusion coefficient and particle 

dynamics are not considered. The alternative model is 

Lagrangian particle tracking or discrete particle modeling 

(DPM), in which particle dynamics are involved 

depending on mass, momentum, size, and the local 

airflow. The present study focuses on a passive scalar 

model with SF6 as a tracer gas used in experiments (Xu 

2012; Yin et al. 2009).  

Boundary conditions 

All the exterior walls of the room were assumed to be 

adiabatic with no-slip velocity condition. Air was 

supplied through two overhead supply diffusers with a 

volumetric flow rate of 300 m3/hr. which was more than 

12 ACH as suggested by (ASHRAE-170). In all three 

cases, the main exhausts were designed for an outflow rate 

of 500 m3/hr and an auxiliary exhaust with 200 m3/hr at a 

negative pressure of 10 Pa. The flow deficit of 100 m3/hr 

was supplied through the leakage provided under the 

anteroom door. The supply air temperature was set to 

13°C. The sensible heat load from the patient was 

assumed to be 38W. It was assumed heat transfers only 

through convection and radiation being neglected. The 

steady-state airflow was computed along with the passive 

scalar contaminant concentration of SF6.  

The convergence criteria of up to the steady-state 

numerical simulations were defined for residuals less than 

10-3. Moreover, the convergence is not only judged by 

residual levels but also by monitoring relevant integrated 

quantities. 

The pressure inside AIIR was assumed to be under control 

and all doors were closed. 

Result and Discussion  

The main objective of the CFD simulation is to obtain a 

contaminant diffusion pattern of contaminant and 

ventilation effectiveness of each design. As air behaves as 

a carrying medium for the contaminant, it is essential to 

analyze flow patterns induced inside the room. The 
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quantitative and qualitative results of all three cases 

illustrate the effect of supply and exhaust location for a 

ventilation system. 

Figure. 2 shows contamination of SF6 gas in ppm and the 

airflow path using the streamlines for the respective 

designs. For case 1, it can be seen that the contaminant is 

carried away from the exhaust due to recirculating flow 

behavior. Moreover, high turbulent flow from the supply 

near the contaminant source results in increased 

concentration and mixing of contaminants inside the 

room. Also, the airflow pattern can be observed from the 

streamlines that very few streamlines from the supply 

reach directly to the exhaust.  In case 2, the airflow pattern 

of streamlines implies that the airflow pattern from the 

supply directly joins to the exhaust, and leakage provided 

below the bathroom door results in a lower concentration 

of contaminant inside the room. However, the impact 

exhaust location near the ceiling leads to flow circulation 

above the patient, which causes the spread of contaminant 

before removal. So, it can be possible that contaminants 

can be present inside the space for a period of time. The 

best results are for case 3, in which contaminants are 

removed without much spread inside a room. 

 

(a) 

 

(b) 

 

(c) 

To quantitatively compare the contaminant control for 

designs, ventilation effectiveness is calculated as defined 

in ASHRAE Fundamental Handbook. 

 𝑉𝐸 =  
𝐶𝑒 − 𝐶𝑠

𝐶𝑏 − 𝐶𝑠

 4 

Where Ce is contaminant concentration at exhaust and Cb 

is the concentration at breathing level. Cs is the 

concentration level at supply which is considered zero by 

considering total fresh air supply. The ventilation 

effectiveness is calculated for two different breathing 

levels of 1.1 m and 1.6 m and shown in Table 2.  

Table 2: Ventilation effectiveness for different breathing levels 

Case # Ventilation 

Effectiveness at 

1.1 m 

Ventilation 

Effectiveness at 

1.6 m 

Case 1 0.62 0.62 

Case 2 1.12 1.05 

Case 3 2.29 2.25 

 

If the airflow from the contaminant directly joins the 

contaminant source to exhaust  𝑉𝐸 takes a much higher 

value above 1 as in case 3. If  𝑉𝐸 is above 1, indicates 

better contaminant removal than perfect mixing 

condition. This shows case 3 has better ventilation 

effectiveness than case 1 and case 2. Also, 𝑉𝐸 less than 1 

in case 1  shows mixing of contamination which is also 

seen in qualitative results. 

Conclusion  

The study evaluates the role of location supply and 

exhaust in the AIIR in ventilation design along with the 

standard provided by various organizations. It 

demonstrates that the airflow induced by the supply and 

exhaust flow paths assist effective contaminant control. 

The presence of exhaust behind the patient's head 

resembles a better position to minimize the risk of 

airborne infection. Ceiling exhaust leads to recirculation 

of contaminants. To choose ventilation design based on 

contaminant distribution and airflow pattern CFD can be 

an effective tool. Qualitative results increase the 

understanding of the flow and contaminant in the different 

parts of the room. Quantitative results help in making 

decisions in choosing a better design configuration. 
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