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Abstract 
Infection is a major cause of death for the immunocompromised patients whose immune mechanisms 
are deficient. The most effective way of protecting these patients is the total environment 
protection such as protective isolation room (PIR). Unidirectional airflow ventilation is usually used 
in PIR. The supply air velocity in PIR can affect not only the cleanliness level of the room and total 
environment protection effects to the patients, but also the energy consumption and initial 
equipment investment of the room. Computational fluid dynamics (CFD) program is used to 
simulate the airflow field and the concentration distribution of the particles from human body 
and breathing. Three scenarios when the manikin is standing, sitting and lying are investigated in 
this study. The intensities of supply airflow with different velocities and the upward airflow induced 
by thermal plume with different postures are compared. The qualitative and quantitative analysis 
of the simulation results show that the required supply air velocity to control the thermal plume 
and particle dispersion from human body and breathing is at least 0.25 m/s when the manikin is 
standing or sitting, and 0.2 m/s when the manikin is lying. 
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1 Introduction 

Severe and often prolonged neutropenia is the inevitable 
consequence of chemotherapy for leukaemia and lymphoma, 
and conditioning regimens for bone marrow transplanta-
tion. Life-threatening infection is an inevitable consequence 
for many of these patients. Single room isolation with positive 
airflow produced by unidirectional airflow units should be 
used for those patients who are most at risk of aspergillosis 
(Fenelon 1995). The existing research indicated an appro-
priate air filtration system combining with unidirectional 
airflow ventilation could prevent bacterial infections and 
increase survival rate effectively (Storb et al. 1983; Barnes 
and Rogers 1989; Passweg et al. 1998; Schlesinger et al. 2009). 
Unidirectional airflow moves “in a single direction and in 
parallel layers at constant velocity from the beginning to 
the end of a straight-line vector” (Gregory et al. 2007). 
Hence, the unidirectional airflow ventilation system could 
control airborne particulate contamination by direct entrain-
ment and removal.  

Protective isolation room (PIR) is used to protect the 

patients whose immune mechanisms are deficient or com-
promised. Unidirectional ventilation is widely used in these 
environments. The clean air treated by the high efficiency 
particulate air (HEPA) filters is usually supplied to the 
protective isolation room from the ceiling and returned 
from the return openings located at the bottom of the walls. 
To create unidirectional airflow in the room, the supply 
opening is usually mounted on up to proportion of 90% or 
more of the ceiling area. When the supply air velocity is too 
small, the ventilation may fail to create a protective environ-
ment for the patients in the room. Instead, if the supply air 
velocity is too high, the treated and transported airflow rate 
is huge and lead to very high energy consumption. Therefore, 
the proper supply air velocity is an important parameter in 
unidirectional ventilated PIR.  

Many researchers have investigated the ventilation and 
dispersion of airborne particles or droplets in airborne 
infection isolation room (AIIR) where patients with known 
or suspected infectious disease that spread via airborne 
particles or droplets are housed. Both experimental (Tung 
et al. 2009a; Johnson et al. 2009; Bolashikov et al. 2012; Tang 
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et al. 2013; Leung et al. 2013) and simulation approaches 
(Tung et al. 2009b; Qian and Li 2010; Chen et al. 2011; 
Memarzadeh and Xu 2012; Ghia et al. 2012) were used in 
the research. Although PIR and AIIR are both patient wards, 
they have apparent differences. AIIR uses negative-pressure 
ventilation and the purpose of ventilation is to avoid spread 
of pathogen-carrying particles from the patients. Instead, 
PIR uses positive-pressure ventilation and the purpose of 
ventilation is to protect patients from being infected by 
others. Also researchers have studied the ventilation, airborne 
or droplets transmission characteristics in operating theatres 
(OT) where surgical-site infections are a major problem 
(Friberg et al. 2003; Chow and Yang 2005; Chow et al. 2006; 
Liu et al. 2009; Zoon et al. 2011; Balocco et al. 2012; Chow 
and Wang 2012). The ventilation in both PIR and OT 
intends to create a unidirectional airflow environment to 
protect the patients. But they also have great differences. 
The patients in OT cannot move during the operation, it is 
thus easier to create a protective environment in specified 
small zone in the room. The patients in PIR may change 
their postures (sitting, lying or standing) and walk around, 
creating a small area unidirectional ventilation protection 
is not enough and a total environment protection is needed. 
The using time of OT is usually very short, each operation 
only lasts for several hours. But in PIR, a patient maybe 
stay for many days or even months. The main disturbances 
to the airflow in the OT are lights, equipment used in the 
operating, doctors, nurses and patient. In PIR, the main 
disturbance to the airflow is the patient in the ward. Due to 
the differences among AIIR, OT and PIR discussed above, 
the study results of AIIR and OT may not be applicable in 
PIR. Very few researchers have studied and investigated the 
ventilation and airborne particle dispersion in PIR. Hence, 
this study is important and essential for the researchers and 
engineers who worked on PIR related area.  

The occupant in the PIR is a major heat and pollution 
source, the convective flow generated by the human body 
has a significant impact on the room air distribution and 
contaminant transmission (Salmanzadeh et al. 2012). Several 
researches in the past have investigated the convective 
boundary layer around a human body in indoor environ-
ment. Lewis et al. (1969) investigated the microenviron-
ment around the human and found that starting from the 
feet, there is a layer of air which passes up adjacent to the 
surface of the body, its thickness progressively increasing as 
it rises and accelerates. Clark and Toy (1975) investigated 
the natural convection around the human head and found 
the convective flow patterns around the human head vary 
markedly with body posture. Homma and Yakiyama (1988) 
revealed that the mean velocity in the convective boundary 
layer around a human body is up to 0.25 m/s. Voelker et al. 
(2014) measured the air temperature and flow velocity in 

the human body’s microclimate and found the higher the 
temperature difference between the surface temperature of 
the manikin and the air temperature, the faster the airflow 
in the microclimate. Licina et al. (2014) examined the 
influence on temperature difference between the human 
body surface and room air temperature, and found that the 
increase of the ambient temperature from 20 to 26℃ widen 
the convective boundary layer flow in front of the sitting 
manikin but does not influence the shape of the standing 
manikin. To create a total protective environment, the 
vertical unidirectional ventilation must control the thermal 
plume created by the human body effectively. Larger supply 
air velocity can have a better control of the thermal plume, 
but requires higher initial investment and operating energy 
consumption. To determine the proper supply air velocity 
is thus essential for the engineering design of the system. The 
key research point of this study is the interaction between 
the thermal plume from human body and airflow filed 
created by the ventilation system in PIR. Some existing 
studies have investigated the interaction between the thermal 
plume and indoor ventilation. Johnson et al. (1996) studied 
airflow interaction between the human free convection flow 
and ventilation in a low-speed uniform environment. Yang 
et al. (2009a) studied the interaction of the personalized 
airflow supplied from ceiling mounted nozzle with the 
thermal plume generated by a seated thermal manikin. 
Licina et al. (2015) investigated the interaction between the 
human convective boundary layer and uniform airflow 
with different velocity and from different directions. Some 
studies numerically investigated the particle transport under 
the combined action of thermal plume and ventilation (Li 
et al. 2013; Ge et al. 2013). In this study, the airflow and 
particle transmission characteristics in the PIR with different 
supply air velocities were simulated and analyzed. Three 
scenarios when the manikin is standing, sitting and lying 
were considered to examine the strength of the upward 
airflow induced by thermal plume when people were in 
different postures. The optimal supply air velocities for  
the three scenarios to control thermal plume and particle 
dispersion in PIR are recommended.  

2 Research methods 

2.1 Mathematic model 

The airflow is assumed to be at steady state, three- 
dimensional, incompressible and turbulent. Based on these 
assumptions, the time-averaged Navier-Stokes and continuity 
equations are given by 
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where ix  are Cartesian coordinates, iU  are the components 
of the mean velocity, P is the mean pressure,  aρ  is the density 
of air,   is the kinematic viscosity and i ju u' '  is the Reynolds- 
stress tensor that is unknown and needs modeling in order 
to obtain a closed set of equations.  

In this study, CFD software Fluent 6.3 (Fluent 2005) 
was used to simulate the airflow and particle concentration 
in the unidirectional ventilated protective isolation room. 
Chen (1995) reviewed and compared eight modified k–ε 
models and found that the RNG k–ε model developed by 
Yakhot et al. (1992) performed the best among all the 
eddy-viscosity models tested for mixed convection flows. 
Rouaud and Havet (2002) used both standard and RNG 
k–ε turbulence models to simulate the airflow in a food- 
processing clean room. Both models predicted the main 
features of the airflow and the numerical results agreed with 
experimental data, while the RNG k–ε model predicted more 
swirls and more complex trajectories. Therefore, we adopted 
the RNG k–ε turbulence model in this study to simulate the 
airflow. The RNG k–ε turbulence model, accruing from the 
renormalization group mathematical theory, is supposed  
to correct the k–ε model’s deficiency in determining the 
turbulence kinetic energy, by adding an extra source term 
to the turbulence kinetic energy dissipation (ε) transport 
equation and having slightly different constants compared to 
the k–ε model (Yakhot and Orszag 1986; Smith and Reynolds 
1992; Yakhot et al. 1992; Yakhot and Smith 1992). 

We measured the particle concentration of different 
size in downward unidirectional ventilated PIR and found 
the concentrations for larger particles (particles larger than 
1 μm ) were all quite low in the room. The concentrations 
of those particles in the locations 0.6 m outside the particle 
emission source were almost 0 (Yang 2012). That was 
because the larger particles were easier to be controlled  
by the downward ventilation due to the effect of gravity. 
However, smaller particles were easily influenced by the 
upward airflow induced by thermal plume from human 
body and therefore, more difficult to be controlled by   
the downward ventilation. This study mainly focused the 
transmission characteristics of small particles. The particle 
size in this study was about 0.5 μm, which was of great 
concern in clean rooms. The maximal permitted particle 
concentration for particles with 0.5 μm in ISO cleanliness 
Class 5 clean room was 3520 pcs/m3 (pcs: particles) (Yang et 
al. 2009b). Zhao and Wu (2005) indicated that the nominal 
time of a ventilated room and the particle relaxation time 
may be a good indicator to decide if the particle can be 
treated as passive contaminant. If the value of indicator was 

small, the particle could be treated as passive contaminant. 
We calculated the indicators of the particles in PIR and 
found that when the particle size was no larger than 10 μm, 
the indicators of the particles were all lower than the upper 
limit (2.8E–02 s2) suggested by Zhao and Wu (2005). Hence, 
the particles with size no larger than 10 μm could be treated 
as passive contaminant in PIR. Chen et al. (2006) simulated 
particle distribution and deposition in indoor environments 
with a new drift-flux model and also indicated that the 
particles smaller than 2 μm shared the common dispersion 
and transport properties of air. Halthway et al. (2011) 
indicated that passive scalar was appropriate for small 
particles. Therefore, the particles of 0.5 μm in this study were 
treated as gaseous contaminant. The control equation used 
to calculate the concentration of particles was as follows: 

( )
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where ρ is the density of air (kg/m3); Cp is particle con-
centration (pcs/m3); iu  is the velocity of the air (m/s); Cσ  is 
the turbulent diffusivity of Cp, the value was set as 1.0 in this 
study. Sp is the emission rate per unit volume of the particle 
source (pcs/(m3·s)). effμ  is the sum of molecular (μ) and 
turbulent dynamic viscosity ( tμ ). 

2.2 Model validation 

We performed full scale field measurements of airflow and 
particle concentration distribution in an ISO-Class-5 clean 
room in a hospital. Figure 1 presents the configuration of 
the clean room and its adjacent bathroom and the locations 
of the test points. The size of the clean ward was 3.3 m 
(length-X) × 2.5 m (height-Y) × 3.1 m (width-Z), within 
which the bathroom accounts for a space sizing 1.5 m 
(length-X) × 2.5 m (height-Y) × 1.4 m (width-Z). Clean air 
was supplied into the clean ward through ceiling-mounted 
high efficiency particulate air (HEPA) filters with the opening 
size of 3.1 m (X) × 1.5 m (Z) plus 1.6 m (X) × 1.3 m (Z) in 
clean ward. The supply airflow rate was 6950 m3/h, which 
was corresponding to 341 air changes per hour (ACH) in 
the clean ward. The air was exhausted from the air return 
openings located at the bottom of the two sidewalls of the 
clean ward, with each return air opening sizes being 0.3 m 
(Y) × 0.75 m (Z). In the meanwhile, part of the airflow 
supplied to the clean ward entered the bathroom via door 
gaps due to higher air pressure of clean ward compared to 
the bathroom. The size of the door gap was 0.02 m (Y) × 
0.8 m (Z). We measured the pressure difference between the 
two sides of the door and calculated the infiltration airflow 
rate from the clean ward to bathroom through the door gap, 
which is 100 m3/h. The clean supply air opening was fully  
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Fig. 1 Configuration of the tested clean ward (A: patient care room, 
B: bathroom, 1: air supply openings, 2: air return openings, 3: air exhaust, 
4: toilet tank, 5: particle generator.) and the locations of the test points 

covered by HEPA filters with the size of 0.5 m (X) × 0.5 m (Z) 
in the bathroom. The air exhaust vent run vertically along 
the near wall of the bathroom, with opening size being 
1.8 m (Y) × 0.2 m (Z). The supply and exhaust airflow rates 
in the bathroom were 325 m3/h and 425 m3/h, respectively. 
Hot sphere anemometers (RHAT-301) were used to measure 
the air velocity in the ventilated space. The anemometers 
can measure velocities ranging from 0.05 to 5.00 m/s with a 
precision of 0.1 m/s, or a precision ±3% of reading higher 
than 0.1 m/s. A condensation mono-disperse aerosol 
generator (TSI 3475, TSI Inc.) was used to generate the fine 
diethylhexyl sebacate (DEHS) particles to simulate the point 
particle source in the toilet. We used FLUKE 983 optical 
particle counters to measure the particle concentration in 
the room. Detailed information about the field test in the 

clean ward and the instruments used in the measurements 
was introduced in (Yang et al. 2009b). 

The measured and simulated air velocities at measure-
ment locations in the room are plotted in Fig. 2. Considering 
the experiment was conducted in real protective isolation 
room instead of lab. The comparisons show that the simulated 
velocities agree well with the experimental data. The relative 
error is less than 10% for 80% of the measurement points. 
Figure 3 presents the comparison of simulated and measured 
particle concentrations. In this study, the concentration  
of P4 at the height of 0.28 m in the bathroom was used as 
the reference concentration to calculate the dimensionless 
concentration, which is the highest concentration among 
all the tested points and different from the study of our 
previous sutdy (Yang et al. 2009b). Experiment in real 
protective isolation room is harder than in lab. To have a 
good match of the tested data with simulated data is very 
challenging. The comparing of the tested and simulated 
particle concentrations in Fig. 3 is good enough for the data 
collected in real protective isolation room. The particle 
simulation model used in this study is reliable.  

2.3 Investigated scenarios  

The validated CFD model was further applied to investigate 
the particle dispersion from the manikin in the PIR. The size 
of the room investigated in this study was 3 m × 2.5 m × 3 m 
(length-X, height-Y, and width-Z). The supply opening was 
located in the ceiling with the size of 3 m × 3 m (length-X 
and width-Z). The air was exhausted from the outlets located 
at the bottom of two sidewalls of the room, with each opening 
size being 0.3 m × 3 m (height-Y, and width-Z). One 
breathing thermal manikin was located at the center of the 
room. The doctor or nurse is usually in a standing position 
when walking into the clean ward, but the patient may be 
in a standing, sitting or lying position. Here, we simulated 
the scenarios when the manikin is standing, sitting and lying 
and examined the proper supply air velocity to control the 
thermal plume and contaminant from manikin in these 
three positions. Thus, three scenarios when the thermal 
manikin was standing (Scenario 1), sitting (Scenario 2) and 
lying (Scenario 3) were simulated and analyzed separately. 
The schematic diagram of the three scenarios is shown in 
Fig. 4. The height of the standing and sitting manikin was 
1.7 m and 1.24 m, respectively. The geometry of the lying 
manikin was of the same shape and size with the standing 
manikin. The mesh of the central plane used in the three 
scenarios is shown in Fig. 5. The number of cells used in 
Scenarios 1, 2 and 3 is 3.5 million, 2.5 million and 2.5 million, 
respectively.  
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Fig. 2 Simulated and measured air velocities of L2 at three heights in the clean ward 

 

Fig. 3 Simulated and tested dimensionless particle concentration profiles at three measurement locations in the bathroom 

 

Fig. 4 Schematic diagram of simulated scenarios 
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Neumann boundary condition which equals the mass 
flow rate between the inlet and outlet was applied at the outlet. 
The inlet was set to have a given velocity, and the supply air 
temperature was fixed at 24℃ which was recommended by 
GB 50457-2008 (2009). Most of the walls in the PIR were 
interior walls and had little heat transfer through the walls. 
The heat flux of walls and floor was set to 0.  

To predict the effect of occupants on indoor airflow, 
one would need to consider more sophisticated boundary 
conditions (Deevy et al. 2008). Dygert et al. (2009) indicated 
that the strength of the thermal plume is relatively insensitive 
to the temperature distribution on the human body surface, 
as long as the area-weighted average temperature on the 
human body surface is the same. Existing human simulation 
usually assigned a uniform temperature to the body surface 
in numerical simulation, and the body surface temperature 
ranged from 28℃ to 33.7℃ (Murakami et al. 1999; Jakie et 
al. 2010; Zhang et al. 2011; Salmanzadeh et al. 2012; Li et al. 
2013). Jackie et al. (2010) calculated the intake fraction (iF) 
in the indoor environment when the body surface was fixed 
at 32℃ and 28℃ and found that a 4℃ change in body 
surface temperature influenced the intake fraction by less 
than 10%. The upward airflow induced by thermal plume 
from the human body is the major concern in the protective 
isolation room. Higher surface temperature creates higher 
thermal plume and need larger ventilation rate. If the 
assigned body surface temperature in the simulation is too 
low, the calculated ventilation rate needed to control the 
thermal plume may not be sufficient in actual conditions. 
Therefore, we assigned a uniform surface body temperature 
of 33℃ when the manikin was standing, sitting or lying. 
The total heat flux generated by the manikin’s body was 
about 75 W. 

Both the patient and doctor/nurse had no strenuous 
activities in the ward. They sat or lay on the bed or stood on 
the floor with slight movement for most of the time. The 
bacteria, fungi, dust and other various contaminants in the 
air may deposit onto the clothes. The contaminants on clothes 

dressed by the patient and doctor/nurse will re-suspend to 
the air. The fiber of the clothes will also release to the indoor 
air. The particles produced by the clothes are assumed to be 
emitted from human body in this study. We used the 
emitting rate of particles of 0.5 μm or larger from a seated 
person dressed in ordinary work clothes to simulate the 
particle dispersion in the clean ward. The particle generation 
rate from a human body was 3.02 × 105 particles per minute 
(Yang et al. 2009b). The particle emitting rate from breathing 
was also set to 3.02 × 105 particles per minute in order to 
compare the particle dispersion characteristics from human 
body and breathing. From the research of McFadden et al. 
(1985), the average temperature in the upper trachea was in 
a range of 32 ± 0.05℃, thus the temperature of breathing 
air from thermal manikin’s nose was set to 32℃ in this 
study. The exhaled air speed has a wide span due to the 
sinusoidal-like respiration rhythm. The peak expiratory 
flow rate for normal breathing is about 0.4 L/s (Gupta et al. 
2010). We used the peak expiratory flow rate to simulate the 
breathing, in order to investigate the influence of breathing 
to the airflow in the most unfavorable conditions.  

3 Results and discussion 

3.1 Scenario 1 (the manikin is standing) 

The airflow fields for Scenario 1 (the manikin is standing) 
with different supply air velocities are shown in Fig. 6. The 
size of interference region of the thermal plume from the 
thermal manikin is decreasing with the increase of supply 
air velocity. When the supply air velocity is 0.05 m/s, the 
upward airflow induced by thermal plume from manikin 
can disrupt most of the downward airflow in the room and 
create a huge interference region. But, when the supply air 
velocity reaches 0.25 m/s, only the airflow near the thermal 
manikin can be disrupted by the thermal plume, the 
interference region of the thermal plume is very small. By 
comparing the airflow field at different supply air velocities, 

 

Fig. 5 Mesh of the central surface used in the three scenarios 
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we found that the supply air velocity should be no less than 
0.25 m/s in order to control the thermal plume from a 
standing thermal manikin. The intensity of the upward 
airflow induced by thermal plume from a standing manikin 
is larger than the supply airflow when the supply air velocity 
is smaller than or equal to 0.2 m/s.  

The particle concentration distribution from human 
body and breathing for Scenario 1 with different supply air 
velocities is shown in Fig. 7. The particle dispersion range 
is decreasing with the increase of supply air velocity. The 
particles from breathing mainly transport in the zone in 
front of the manikin, while particles from human body can 
transport to all directions in the room. The dispersion range 
of the particles from human body is obviously larger than 
the dispersion range from breathing. When supply velocity 
is 0.05 m/s，the particles from breathing can spread to most 
of the space in front of the manikin and particles from the 
human body can spread to almost the entire room. The 
particle concentrations in the room remain to be high until 
the supply air velocity reaches 0.25 m/s, when particles from 
both breathing and human body are well controlled by the 
ventilation air. Thus, to control the particle dispersion in 
the PIR with a standing manikin, the supply air velocity 
should be no less than 0.25 m/s. 

3.2 Scenario 2 (the manikin is sitting) 

The airflow fields for Scenario 2 (the manikin is sitting) with 

different supply air velocities are shown in Fig. 8. Same with 
Scenario 1, the size of interference region of the thermal 
plume from manikin is also decreasing with the increase of 
the supply air velocity. The air near the human body flows 
upward and creates a vortex region near the human body 
when the supply air velocity is smaller than or equal to 
0.2 m/s. When the supply air velocity is 0.05 m/s, the thermal 
plume from manikin could disrupt most of the downward 
airflow in the room and create a huge interference region. 
When the supply air velocity is 0.2 m/s, the upward airflow 
induced by thermal plume from manikin could still spread 
to 2 m height in the room. As the supply air velocity 
reaches 0.25 m/s, only the airflow near the manikin can be 
disrupted by the thermal plume from human body, and the 
interference region of the thermal plume is very small. The 
comparison of airflow fields shows that when the supply air 
velocity is higher than 0.25 m/s, the thermal plume from a 
sitting manikin can be well controlled by the ventilation in 
the PIR.  

Licina et al. (2015) investigated the interaction between 
the human convective boundary layer and downward flow 
with different velocities. The breathing of manikin was 
ignored in their study. To compare with their results, we 
simulated the airflow fields of a sitting manikin in the  
PIR without breathing. The comparison of the airflow in 
breathing zone between our results and theirs is shown in 
Fig. 9. Comparing Figs. 9 (a) and (b), we can see that, the 
airflow in breathing zone when the supply air velocity is  

 
Fig. 6 Airflow fields for Scenario 1 with different supply air velocities (Vs is supply air velocity) 
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Fig. 7 Particle concentration distribution for Scenario 1 with different supply air velocities (Vs is supply air velocity) 

 
Fig. 8 Airflow fields for Scenario 2 with different supply air velocities (Vs is supply air velocity) 
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0.15 m/s is similar with the airflow with opposing 0.175 m/s 
in their study. The airflow directions near the manikin  
are all upward and the upward airflow speeds induced by 
the thermal plume are all around 0.15 m/s. By comparing 
Figs. 9(c) and (d), we can see that, the airflow in breathing 
zone when the supply air velocity is 0.25 m/s is similar with 
the airflow with opposing 0.425 m/s in their study. The 
downward ventilations are all break away the human thermal 
plume and create a predominantly downward airflow in 
front of the face. The down ward airflow speed in our study 
near the manikin is slightly lower than that in their study. 
The upward thermal plume can be well controlled by the 
downward ventilation when the supply air velocity is 0.25 m/s. 
The airflow near the manikin in the breathing zone with 
downward ventilation when the manikin is sitting matches 
well with the research of Licina et al. (2015), which further 
verifies the reliability of the simulation results.  

The particle concentration distribution from human 
body and breathing for Scenario 2 with different supply air 

velocity is shown in Fig. 10. The particle dispersion range is 
also decreasing with the increase of supply air velocity. The 
particles from breathing and from human body are carried 
by the airflow near the human body to the upper space and 
spread in the vortex region near the human body. The 
dispersion region of the particles is very large when the 
supply air velocity is smaller than or equal to 0.2 m/s. As 
the supply air velocity reaches 0.25 m/s, the particles from 
breathing and human body are carried by the downward 
airflow and discharged from the exhausts located at the 
bottom of sidewalls. The particle concentration is very low 
and the particles only spread in small zone around the 
human body. 

3.3 Scenario 3 (the manikin is lying) 

Figure 11 presents the airflow fields when the manikin is 
lying. The size of the interference region of the thermal 
plume from manikin is also decreasing with the increase   

 
Fig. 9 Comparison of the simulated airflow with downward unidirectional ventilation in this study and measured airflow with downward
ventilation in the literature in the breathing zone when the manikin is sitting 
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Fig. 10 Particle concentration distribution for Scenario 2 with different supply air velocities (Vs is supply air velocity) 

 
Fig. 11 Airflow fields for Scenario 3 with different supply air velocities (Vs is supply air velocity) 
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of the supply air velocity. When the supply air velocity is 
smaller than or equal to 0.15 m/s, the airflow of the whole 
room is controlled by the upward airflow induced by thermal 
plume from the human body. The intensity of upward airflow 
induced by thermal plume is larger than the intensity of 
supply airflow at this time. The upward airflow induced by 
thermal plume from the manikin can reach the ceiling when 
the supply velocity is 0.05 m/s. When the supply air velocity 
reaches 0.2 m/s, the intensity of the upward airflow induced 
by thermal plume is smaller than the intensity of supply 
airflow, and the upward thermal plume is well controlled 
by the downward supply airflow.  

The particle concentration fields for Scenario 3 when the 
manikin is lying are shown in Fig. 12. When the supply air 

velocity is smaller than or equal to 0.15 m/s, the particles 
emitted from human body or breathing can spread to a 
large region. As the supply air velocity reaches 0.2 m/s, the 
particles from human body and breathing are well controlled 
by the supply airflow and only spread in a quite small region 
around the human body.  

3.4 Quantitative analysis 

There are mainly two airflows in the PIR, the supply airflow 
and the upward airflow induced by the human thermal plume. 
The upward airflow induced by thermal plume will break 
the unidirectional airflow from supply and lead to pollutant 
transmission in the room. Only when the intensity of the 

 
Fig. 12 Particle concentration distribution for Scenario 3 with different supply air velocities (Vs is supply air velocity) 
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supply air is large enough to control the thermal plume, the 
airflow in the room can maintain unidirectional state.  

We calculated the Reynolds number of supply air with 
different supply air velocities. The Reynolds number is 
defined as (Incropera and DeWitt 1990): 

ρVDRe
μ

=                                      (4) 

where V is the mean velocity of supply air (m/s); D is the 
hydraulic diameter of the air supply opening (m), set to 
3.0 m in this study; μ  is the dynamic viscosity of the air, 
(kg/(m·s)); ρ is the density of the air (kg/m3).  

The Re range of the upward airflow induced by the 
thermal plume from a manikin can be estimated from the 
qualitative analysis in Section 3.1–3.3. The comparison   
of the Reynolds number of supplied airflow and upward 
airflow induced by thermal plume is shown in Fig. 13. The 
comparison shows that the intensity of supply airflow 
increases with the increase of the supply air velocity. When 
the supply air velocity is no less than 0.2 m/s, the intensity 
of supply airflow is larger than the intensity of the upward 
airflow induced by thermal plume from lying manikin. 
When the supply air velocity is no less than 0.25 m/s, the 
intensity of supply airflow is larger than that of the upward 
airflow induced by thermal plume from standing or sitting 
manikin. The airflow induced by the thermal plume of a 
standing manikin is stronger than that induced by the 
thermal plume of a lying manikin. Clark and Toy (1975) 
also found the convective flow near the manikin varied 
markedly with body postures. From their study, the velocity 
of the flow over the head of a standing subject can exceed 
0.3 m/s, by contrast, the velocity of the flow over the 
horizontal head reaches only 0.05 m/s. When the supply  
air velocity reaches to 0.25 m/s, the thermal plume of the 
standing manikin and sitting manikin can be well controlled 
in our study. When the supply air velocity reaches to 
0.2 m/s, the thermal plume from lying manikin can be well 
controlled.  

 

Fig. 13 Comparison of Reynolds number of supply airflow (in m/s) 
and upward airflow induced by manikin thermal plume 

For the three Scenarios, the air cleanness level in the 
PIR is also calculated at the breathing height. The breathing 
heights are defined as 1.7 m, 1.2 m, and 0.75 m when the 
manikin is standing, sitting, and lying, respectively. 
Borrowing the definition of airborne particulate cleanliness 
classes in ISO Standard 14644-1 (1999), the classification of 
air cleanliness in clean rooms and associated controlled 
environments is defined in terms of concentration of 
airborne particles within the space. The relationship among 
the maximal permitted particle concentration that is allowed, 
ISO cleanliness class, and the associated diameter of the 
particles of concern is 

( )
2.08

n
0.110NC d= ´                              (5) 

where Cn is the maximum-permitted number of particle 
counts per cubic meter equal to or larger than the specified 
particle size (d) (pcs/m3); N is the ISO cleanliness class 
number, which must be a multiple of 0.1 and be 9 or less;  
d is the particle size in micrometers (μm). The maximal 
permitted particle concentration for particles with 0.5 μm 
in ISO cleanliness Class 5 clean room is 3520 pcs/m3.  

The particle concentrations at breathing heights are 
shown in Fig. 14. For Scenario 1 (when the manikin is 
standing) and Scenario 2 (when the manikin is sitting), the 
particle concentration from breathing and human body  
at breathing height is much lower than the maximum- 
permitted particle concentration for ISO-Class-5 when the 
supply air velocity reaches 0.25 m/s. Lowering the supply 
air velocity cannot guarantee the particle concentration for 
ISO-Class-5. For Scenario 3 (when the manikin is lying), 
ISO-Class-5 can be obtained when the supply air velocity 
reach to 0.2 m/s.  

The recommended supply air velocity is 0.25 m/s for 
Scenarios 1 and 2, and 0.2 m/s for Scenario 3 from the analysis 
above. The temperature fields under the recommended 
supply air velocity of the three scenarios are shown in Fig. 15. 
From the figure, we can see that, the indoor temperature is 
almost equal to the supply air temperature. Although the 
supply air velocity is low, the size of supply opening is big 
(supply opening is fully mounted on the ceiling), the 
ventilation rate is high. The air change per hour when the 
supply air velocity is 0.2 m/s and 0.25 m/s is 288 ACH and 
360 ACH, respectively. The huge ventilation rate leads to 
small temperature difference between supply air and return 
air. The indoor air temperature is uniform and almost equal 
the supply air temperature. 

Based on the discussions above, the required supply air 
velocity when the manikin is lying could be smaller than 
that when the manikin is standing or sitting. Since the  
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Fig. 14 Particle concentration at breathing height 

patients in the ward may sit on bed or walk around (in 
standing posture) in the ward at daytime but lie in bed and 
sleep at night, the PIR could use different supply air velocities 
at day time and night. The supply air velocity could be set 
to 0.25 m/s during the day time and 0.2 m/s at night. This 
can reduce energy consumption on the premise of high 
cleanliness level of the PIR. 

 
Fig. 15 Temperature fields under the recommended supply air 
velocity of the three scenarios 

4 Conclusions 

Computational fluid mechanics (CFD) program is used to 
simulate the airflow field and the dispersion of the particles 
from human body and breathing in PIR. Three scenarios 
when the manikin is standing, sitting and lying are inves-
tigated. The following conclusions can be reached:  
(1) To control the thermal plume and particle dispersion  

in PIR and create a clean and safe environment for the 
patients, the supply air velocity should be around 0.25 m/s 
when the manikin is standing or sitting, and 0.2 m/s 
when the manikin is lying.  

(2) In order to save operating energy, the PIR could use high 
supply velocity (0.25 m/s) during day time and switch 
to lower supply velocity (0.2 m/s) at night.  
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