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INFLUENCE OF VENTILATION TO LIMIT AIRBORNE 
INFECTION CONCENTRATION IN AN ISOLATION ROOM 

Coronavirus (COVID-19) was detected at the end of 2019 and has since caused a worldwide pan-
demic. This virus is transferred airborne. In this study, an investigation was carried out of the ventila-
tion strategies inside the isolation room based on exhaust air locations. To reduce the infection disease 
(COVID-19), due to the spreading of exhaled contaminants by humans in interior environments, five 
models for ventilation systems differing in the position of the outlet and inlet were used. This study 
aims to increase knowledge regarding the exhaled contaminant distribution under different environ-
mental conditions (opening exhaust and negative pressure). The results showed a good agreement be-
tween the computational results and the experimental data. Tracer gas CO2 was used to evaluate the air 
quality experimentally and computationally. The results showed that stable conditions are obtained 
inside the room at a negative pressure value above –1.5 Pa. The residence time of the infected airborne 
decreases when the pressure difference increases. The study revealed that the model with an air outlet 
opening installed behind the patient enabled avoiding the spread of infection in the room. 

SYMBOLS AND ABBREVIATIONS 

ACH – air change per hour, 1/h 
C  – concentration, ppm 
Cm – experimental model concentration, ppm 
Cs – simulation concentration, ppm 
CFD – computational fluid dynamics  
f – frequency, 1/s 
vmax – maximum velocity, m/s 
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Q1 – median of the lower half of the data, ppm 
Q3 – median of the upper half of the data, ppm 
DV – displacement ventilation 
LAF – laminar airflow 
MV – mixed ventilation 
POV – protective occupancy ventilation 
PV – personalized ventilation 
SARS – severe acute respiratory syndrome 
TB – tuberculosis  
TVOC – total volatile organic compounds 
UFAD – under-floor air distribution 
WAV – wall air ventilation 

 

1. INTRODUCTION 

The ventilation of the isolation room is important for controlling patients’ exhaled 
contaminants’ dispersion. Many infectious agents such as tuberculosis (TB) [1], severe 
acute respiratory syndrome (SARS) [2], and COVID-19 [3] are transferred by aerosols. 
The experience with COVID-19, from 2019 till now, has activated increased consider-
ation of the problem of aerosol transmission. The small distance between healthcare 
workers and their patients increases the transmission of infection [3–5]. Exhaled trans-
mission of contaminants may be controlled by the use of a negative-pressure isolation 
room [6]. However, when the door of an isolation room is opened, the condition inside 
the room fails to give the required negative pressure difference inside [7]. 

Various researchers proposed different ventilation forms such as displacement ven-
tilation (DV), mixed ventilation (MV), wall air ventilation (WAV), underfloor air dis-
tribution (UFAD), protective occupancy ventilation (POV), personalized ventilation 
(PV), and laminar airflow (LAF). Two ventilation systems have been recommended for 
hospitals, which are DV and MV [8–10]. A new technique has been developed to over-
come the shortage of airborne isolation rooms and to decrease healthcare worker expo-
sure during a novel COVID-19. With the increase in the number of patients, hospitals 
have become crowded. Full rooms can become isolation rooms when negative pressure 
is created inside them [11–14]. This strategy has the benefit of using space and protect-
ing other patients and healthcare workers outside the room [15]. One of the recom-
mended ways to protect against the risk of infection is to wear masks such as N-95 
masks [16, 17]. Table 1 explains the design parameters for isolation rooms to prevent 
airborne contamination for different organizations in multiple countries. 

This study aimed to investigate the effect of the ventilation system position on re-
ducing airborne transmission from the patient to the healthcare in a one-bed isolation 
room using both experimental and computational methods. Five models of exhaust air 
locations, with different positions inside the room, are shown in Table 2. 
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T a b l e  1  

Design standards for isolation rooms to prevent airborne contamination [18] 

Country  Organization  ACH  
Negative pressure 
inside the room 

[Pa] 
UK Department of Health >10 >5.0 
USA Center for Disease Control and Prevention >6 >2.5 
Korea Centers for Disease Control and Prevention >6 >2.5 
Australia Department of Health and Human Services >12 >5.0 
Canada Public Health Agency of Canada >6 – 
Norway Norwegian Institute of Public Health  >12 >5.0 
Hong Kong Infection Control Committee Department of Health >6 >2.5 

 
T a b l e  2  

Study models 

Model Description of location 
 Air supply Air outlet 

1 

the wall near the ceiling 

the opposite wall behind the patient, above the floor by 0.95 m 
2 the side wall to the right of the patient, above the floor by 0.82 m 
3 the opposite wall the behind patient, above the floor by 0.05 m 
4 the same wall in front of the patient above the floor by 0.05 m 
5 inside the wall to the left of the patient above the floor by 0.25 m 

2. MATERIALS AND METHODS 

Details of the experiments. Experiments were carried out in a full-scale chamber 
with dimensions 2×2×2 m with different air-exhaust locations as shown in Fig. 1. The 
walls of the room were well insulated such that during the experimental measurements 
the mean room air temperature was kept constant within the range 21±2 °C. Five differ-
ent air-distribution-outlet strategies were tested with the same inlet location and differ-
ent outlet locations for models 1–5. 

For all strategies, the inlet opening dimension was 0.60×0.20 m, and the outlet  
0.35×0.35 m. The isolation room was illuminated with 18 W/m2. The study had a patient 
lying on a bed at a height of 0.7 m from the floor. Each experiment was carried out with 
only one diffuser and one exhaust opening. Thermal breathing two manikins (the patient 
and the healthcare worker) and one lamp were placed in the room. During the experi-
ments, the ventilation system supplied air at 22 °C, and the air change per hour (ACH) 
of 27 was defined according to Eq. (1) [19]:  

 Volume flow rate at the inletACH = 
room volume

 (1) 
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Fig. 1. Arrangements of the study models 

 

Fig. 2. Measuring points 
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To achieve stable conditions, the room was allowed to stabilize for an hour before 
taking measurements. In the experiments, both manikins exhaled through the nose. The nos-
trils formed an angle with a horizontal plane of about 30°. The nose consisted of two holes, 
each of which was 5 mm in diameter. The respiratory minute volume was 9 dm3/min and 
the breathing frequency was 15 min–1 [19, 20]. Tracer gas CO2 was injected from the 
patient nose. The injection rate of CO2 was regulated via a rotameter and continuously 
released from a cylinder as a point emitting tracer gas at 0.60 dm3/exhaled stock 
(15 min–1) as seen in Fig. 2b. The injection was controlled using a solenoid valve-con-
nected timer (Fig. 2c). The concentration of tracer gas was measured continuously using 
an air quality sensor from 400 to 29 206 ppm at five locations. Three sampling points 
(P1, P2, and P3) were installed inside the room to evaluate the concentration of CO2. 
Also, the total volatile organic compound (TVOC) was measured using air quality sen-
sors from 0 to 32 768 ppm, which were located around the bed at 1.0 m from the floor 
to monitor the exposure level of the healthcare staff at these locations by the computer-
ized system using an interface between Arduino and lab-view software as shown in 
Fig. 2c. One sampling point (P4) was installed at the exhaust grille to evaluate the 
amount of CO2 removed from the room as shown in Fig. 2a, and the P5 sensor was 
installed in a corridor behind the door to monitor the leakage from the room while the 
door was closed. The negative pressure was created inside the isolation room using 
a blower (with a capacity of 12 000 m3/h and power of 2.6 kW). 

Computational fluid dynamics (CFD) setup. The CFD simulation was done utilizing 
the Fluent package of ANSYS 2016 [21]. According to this package, the governing 
equations in three-dimensional form, the continuity equation, and momentum equations 
using K-ε RNG turbulence were solved [5] with transient analysis. The unstructured 
mesh of the model was generated using approximately 1.92×106 elements as shown in 
Fig. 3a. 

  

Fig. 3. Mesh configuration (a) and sensitivity (b) 

 
 

 
 

 

a) 
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T a b l e  3  

Properties of the mesh 

Property  Value  
Element minimum size, mm 0.1 
Element maximum size, mm 0.2 
Growth rate, dimensionless 1.2 
Curvature normal angle, deg 18 
Inflation transition ratio 0.272 
Inflation number of layers  5 
Number of elements  1 925 737 

 
T a b l e  4  

CFD models and boundary conditions 

Model Item   Description  

Viscous model K-ε RNG 
near wall treatment standard wall function  

Energy  on 
Species  Species transport CO2, H2O 

Discrete phase  

on  
particle treatment  unsteady particle tracking  
material injection water 
injection type surface 
particle type injection water liquid 

Boundary conditions 

Inlet  
velocity  0.5 m/s 
temperature  295 K 
discrete phase BC type escape  

Inlet mouth 

velocity   
velocity component  UDF (user-defined function) 
Vx 0 
Vy 1.99tsin(π/2) sin(π/6) 
Vz 1.99tsin(π/2)cos (π/6) 
temperature  300 K 
CO2 mole fraction 0.3% 
H2O mole fraction 0.2% 
discrete phase BC type escape 

Outlet gauge pressure  0 
discrete phase BC type escape 

Walls 

wall motion stationary wall 
heat flux 0 
species  zero diffusivity flux 
discrete phase BC type reflect  

Lamp heat flux 18 W/m2 
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The properties of the mesh are shown in Table 3. The fluid domain was defined as 
air at 25 °C from the ANSYS models library. The solid domains of the model were 
defined as no-slip walls. The breathing function was a very important point in the sim-
ulation. The manikin breathes following a sinusoidal function according to the equation: 

 π1.99sin
2

v t=  (2) 

where the maximum velocity vmax = 1.99 m/s and frequency f = 0.25 s–1.  
 

  

Fig. 4. Breathing function 

During a half period, the manikin was exhaling, and during the other half it was in-
haling (Fig. 4). The volume flow rate was 0.60 dm3/exhalation at 27 °C. Boundary con-
ditions are given in Table 4. 

3. RESULTS AND DISCUSSION 

3.1. VALIDATION AND PREDICTION OF THE NUMERICAL MODEL  

The mean CO2 concentrations for the experimental results and CFD simulation for 
model 1 are listed in Table 5. There is a good agreement between experimental and 
computational results. The percentage of the variance between the simulation and meas-
urement results varies from –11.57 to 3.18%. The average reference value of CO2 inside 
the room before CO2 injection, taken during the measurement, is 410 ppm. The tracer 
gas was used to calculate how concentrations of CO2 were diminished.  

T a b l e  5  
Simulation and experimental CO2 concentrations for model 1 [ppm] 

Sample 
point 

CFD simulation 
Cs 

Measurement 
Cm 

100%s m

m

C C
C
−

×  

P1 8.25 9.14 –9.78 
P2 4.51 5.10 –11.57 
P3 6.16 5.97 3.18 
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Fig. 5. CO2 concentrations with various negative pressures (Pa) inside the room for model 1: 
a) 0, b) –0.5, c) –1.5, d) –2.5 

Figure 5 shows the time dependences of CO2 concentration in the indoor environment 
for model 1. Air did not mix or diffuse inside the room, but it was quickly sucked through 
exhaust grilles placed behind the patient’s head. This is due to the negative pressure created. 
As CO2 was injected, the tracer gas concentration increased rapidly at the monitoring loca-
tions P1–P4, while the concentration of CO2 in P5 was roughly zero. This indicates that 
there was no leakage from the room to the surrounding environment when the door was 
closed. On the contrary, when the pressure difference equaled zero, the air of the indoor 
environment mixed and spread into the room. This causes an increased concentration at the 
three sampling measuring points (P1, P2, and P3) located around the patient as shown in 
Fig. 5a. The CO2 concentration inside the room decreased with the pressure difference in-
crease, for example, the time for the CO2 pollutant to reach the outlet inside the isolation 
chamber for a pressure difference of –1.5 Pa is equal to 10 minutes, as shown in Fig. 5c. 
While for –2.5 Pa, it was approximately 2 minutes as shown in Fig. 5d. In addition, the CO2 
concentration profiles for the P1 and P2 sampling points when negative pressure is estab-
lished are approximately similar, and this is evidence to reach stable environmental condi-
tions. At P4, the measuring point at the exhaust grille, the CO2 concentration continued to 
maintain a higher value than the other three monitoring locations over the period of meas-
urement. The average concentration of CO2 on P4 was 50–300 ppm for the case –2.5 Pa. 
These represent ten times higher gas concentration than that for P1, in which the concentra-
tion was up to 10 ppm, P2 up to 5 ppm, and P3 up to 10 ppm.  
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3.2. VOLATILE ORGANIC COMPOUNDS (VOCs)  

The concentration of VOCs depends on the concentration of CO2, due to the exist-
ence of the compound oxygen and carbon. The reference value of VOCs during the 
measurement was 1 ppm. The profile trend of VOCs concentration was similar to the 
trend of the CO2 concentration profile as shown in Fig. 6.  

 

Fig. 6. VOCs concentrations with various negative pressures (Pa) inside the room for model 1:  
a) 0, b) –0.5, c) –1.5, d) –2.5 

The results confirmed that as the concentration of CO2 increased, the concentration 
of VOCs increased as well. The measured concentration of VOCs around the patient on 
the bed was about 2 ppm. This recommended value of VOCs concentration is less than 
3 ppm [22–24].  

The measured concentration of CO2 at different sampling points (P1, P2, P3) as 
shown in Fig. 7 is approximately similar with a little deviation of 6 ppm (Q1–Q3) during 
the experiments for most models, for example, model 1. This model is reasonably accu-
rate to estimate the concentration profile of airborne contaminants in the isolation room. 
The simulation showed good agreement with the results of measurement. The simula-
tion technique was used to perform additional analysis when the experimental technique 
was not applicable. The simulation work was used to the multi-component gas type and 
emission rate of the source CO2 according to Eq. (2). 
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Fig. 7. Experimental and computational results  

for various models 

3.3. VENTILATION EFFECTIVENESS  

The average concentration level of airborne pollutants emitted from the patient in-
side the isolation room for different models with difference pressure –2.5 Pa is shown 
in Fig. 8.  

Ventilation with model 4 gave a high concentration of CO2, which ranged between 
16.9 and 18 ppm. The lowest CO2 concentration was detected for model 1, which ranged 
between 5.15 and 9.11 ppm. The CO2 concentration range between 10.28 and 22.47 ppm 
was detected for model 2.  
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Fig. 8. Average CO2 concentrations  
inside the isolation room at –2.5 Pa  

for various models  

1 m above the floor around the bed, the average CO2 airborne concentration, for 
example, for model 5 was 24.93% lower than for model 2. Similarly, model 1 was more 
effective in removing contaminants in the room. For this model, the average CO2 con-
centration was 2-fold lower than for model 3 and nearly 3-fold lower than for models 
2 and 4. The obtained results indicate that the installation of the exhaust opening behind 
the patient is better than the installation at the left and right sides of the patient bed. 

3.4. WATER–LIQUID RESIDENCE TIME 

 Figure 9 shows the water–liquid particle time-residence inside the room with 
a mole fraction of 0.02 and a diameter range from 0.5 to 1 µm [20, 25]. For a pressure 
difference of 0 Pa, the time residence of water–liquid inside the room reached 214.5 s. 
The time-residence decreased with a pressure difference of –1.5 Pa to 47 s for model 2, 
and similarly for other models. This proves that with increased pressure difference, the 
time-residence of water-liquid particles, carriers of infection, decreased. 

 

Fig. 9. Water-liquid particle time residence for model 2 at various pressure differences (Pa): 
a) 0, b) –0.5, c) –1.5  

 
 

 

   
 

c) b) a) 
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3.5. DISTRIBUTION OF THE CO2 CONCENTRATION,  
RELATIVE HUMIDITY, AND AIR VELOCITY IN THE ROOM 

The concentration distribution patterns for different models are shown in Fig. 10 at 
a 1 m horizontal plane, representing the respiration level of the healthcare workers dur-
ing treating the patient.  

 

Fig. 10. CO2 concentration contours for various models after 214 s under a pressure difference of –2.5 Pa 

 

 
 

   

   
Model 1 Model 2 Model 3 

  

 

   
Model 4 Model 5  
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The high concentration of CO2 in front of the patient decreased as they moved away 
from the patient. The small regions of high concentration for model 1, compared with other 
models, are due to the small distance between the source of the pollutant (nose) and the 
exhaust location. On the contrary, model 4, due to increasing the distance between the 
source and the exhaust location, lead to an increase of pollutant regions until exit from 
the exhaust opening. In this research, the location of the exhaust opening is very im-
portant for removing airborne pollutants from the patient. 

Figure 11 shows the deviation of relative humidity (the average reference relative 
humidity taken during the measurement is 42%) with different pressure values inside 
the room. It was found that relative humidity profiles at the two monitoring points (P1 
and P3) in the isolation room increased with time. It was observed that the relative hu-
midity profile has not reached stability, and more time is needed to reach equilibrium 
inside the room for the pressure difference to equal zero. However, when negative pres-
sure was created in the room, equilibrium of environmental conditions can be reached 
after 2 min. Also, it was found that there was a similar profile for all cases. This shows 
evidence of the stability and accuracy of the measuring sensor and the suitability of the 
boundary conditions in this study. 

 

Fig. 11. Relative humidity deviations with various pressure differences inside the room for model 1 (Pa): 
a) 0, b) –1.0, c) –1.5, d) –2.5 

The velocity distributions around the patient at different pressures inside the room 
are shown in Fig. 12. The airflow towards the patient was discharged via one exhaust 
grille mounted on the wall behind the patient in the room. The patient on the bed was 
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experiencing about 0.10 m/s airflow. The recommended value of air velocity is less than 
0.25 m/s [22–24]. It is concluded that the negative pressure does not affect the velocity 
profile at the pressure above –1.5 Pa. This means that the stability of indoor environ-
mental conditions is suitable at –1.5 Pa. 

 

  

  

Fig. 12. Air velocity contours inside the room: contour (a) corresponding to model 2 (b)  
and contour (c) corresponding to model 3 (d) 

4. CONCLUSIONS 

• Locations of the inlet and exhaust openings are the most important elements that 
directly affect the pollutants dispersion in the room. 

• The distance between the patient and the exhaust location is very important to 
reduce the regions of pollutants when the air flows move towards the exhaust opening, 
due to the reaction of dynamic forces. 

• At 1 m above the floor around the patient bed, the average pollutant concentration 
for model 5 was 27.27% lower than that for model 4. 

b) 

d) 
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• Model 1 was more effective for removing pollutants in the isolation room than 
models 2–5. For model 1, the mean CO2 concentration was lower by 61.12, 51.52, 62.33, 
and 48.21% than for models 2, 3, 4, and 5, respectively; 

• To get possible constant conditions around the patient and reach equilibrium in-
side the room in a short time, the pressure difference value must be above –1.5 Pa; 

• The boundary conditions are appropriate because the air velocity around the pa-
tient did not exceed 0.25 m/s. 

• Good agreement between the experimental and simulation results was achieved. 
This is the evidence for the compatibility of the boundary conditions used in the simu-
lation. 

It is recommended that, due to the highest concentration of the infection gas, 
healthcare workers should not stand near the outlet opening of isolation rooms contain-
ing patients. For the location of the outlet opening, it is recommended to be installed 
behind the patient to avoid the spread of infection in the room. 
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