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ventilated protective isolation room: The impact of initial droplet size
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Abstract

Keywords

Person to person droplets/particles or contaminant cross transmission is an important issue in
ventilated environment, especially in the unidirectional ventilated protective isolation room (UVPIR)
where the patient’s immune system is extremely low and easily infected. We simulated the dispersion
process of the droplets with initial diameter of 100 um, 10 um and gaseous contaminant in
unidirectional ventilated protective isolation room and studied the droplets dispersion and cross
transmission with different sizes. The droplets with initial size of 100 um settle out of the coughing
jet quickly after coming out from mouth and cannot be carried by the coughing jet to the human
thermal plume affecting (HTPA) zone of the susceptible manikin. Hence, the larger droplets disperse
mainly in the HTPA zone of the source manikin, and the droplets cross transmission between
source manikin and susceptible manikin is very small. The droplets with initial size of 10 um and
gaseous contaminant have similar dispersion but different removal process in the UVPIR. Part of the
droplets with initial size of 10 um and gaseous contaminant that are carried by the higher velocity
coughing airflow can enter the HTPA zone of the susceptible manikin and disperse around it. The
other part cannot spread to the susceptible manikin’s HTPA zone and mainly spread in the source
manikin’s HTPA zone. The results from this study would be useful for UVPIR usage and operation
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in order to minimize the risk of cross infection.

1 Introduction

Transmission of infectious diseases in indoor environment
has been receiving more and more attentions. Existing
research shows that some infectious diseases such as SARS,
tuberculosis, influenza, etc. can all spread through air (Yu
et al. 2004; Li et al. 2007). Humans produce droplets during
expiratory activities such as coughing, talking, and sneezing.
If these droplets are produced by an infected person,
pathogenic contaminants can be transmitted to other people
and lead to cross-infection.

Single room isolation with unidirectional, high efficiency
particulate air filter (HEPA) filtering airflow from the entire
ceiling unit has been used to protect patients who need the
most protection (Yang et al. 2015). In such clean wards,
“laminar” (not in real sense) airflow moves in parallel and
same direction with almost same velocity from the air supply
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opening to the air return opening (Gregory et al. 2007).
Such a unidirectional airflow ventilation system is believed to
be able to control the particle/droplet or other contaminant
cross transmission and can be removed effectively. Some
existing study indicated that unidirectional ventilation
system combined with an appropriate air filtration system
could greatly decrease the cross infection risk and increase
patient survival rate effectively (Storb et al. 1983; Barnes
and Rogers 1989; Passweg et al. 1998; Schlesinger et al. 2009).
As discussed in previous study, although the unidirec-
tional ventilated protective isolation room (UVPIR) is patient
room in hospital, it has difference with airborne infection
isolation room (AIIR) and operating theatre (OT) (Yang
et al. 2015). Hence, the research findings in AIIR and OT
may not applicable in UVPIR. Laminar airflow system has
been widely used in operating theatre to decrease rates of
surgical site infections (SSI). In recent years, some scholars
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doubted the effect of laminar airflow on the reduction
of wound infections. For example, Gastmeir et al. (2012)
investigated the influence of laminar airflow on the surgical
site infections and concluded that it would be a waste of
resources to establish new operating room with laminar
airflow system. James et al. (2015) reviewed the current
literature for the use of laminar airflow operating theatre
ventilation during total joint arthroplasty and examined the
effectiveness of laminar airflow on preventing post-operative
wound infection and found that there is no conclusive
effect on the reduction of post-operative wound infections
by laminar airflow system. The vertical laminar airflow system
directs air from ceiling to floor. The airflow passes over the
head and upper body of the surgeon and assistants to the
surgical site. During surgical procedures, bacteria-laden dust
particles, textile fibers, and respiratory aerosols may be
released from the surgical team in to the air of the operating
room. These bacteria may be carried by the downward airflow
to settle on the surgical instruments or directly enter the
surgical site and lead to surgical site infection (James et al.
2015; McHugh et al. 2015). The key reason that the vertical
laminar airflow may lead to surgical site infection is that
the bacteria sources (the head and upper body of the surgeon
and assistant) located at the upper area of the patient. The
relative positions of patient and doctors or nurses are different
in UVPIR and operating theatre. The vertical laminar airflow
from the whole ceiling in the UVPIR will create an entire
protective environment for the patient from being infected
from doctors or nurses who may enter into the ward. The
bacteria from the doctors or nurses will be carried by the
downward airflow to the floor level and removed from the
exhaust opening located at the bottom of the two sidewalls.
Hence, using vertical laminar airflow system to decrease
cross infection risk is more appropriate in UVPIR than in
operating theatre.

A lot of related work on person to person droplets/
particles or contaminant cross transmission in different
ventilation systems can be found in the literature. For example,
Chen et al. (2010) investigated the droplets/particles cross
transmission between dental healthcare workers and patient.
Cao et al. (2015) examined the performance of protected
zone ventilation and hybrid protected zone ventilation in
reducing person to person airborne cross transmission in
office room by experiment. Habchi et al. (2014) studied
the cross-infection between occupants in the room with a
mathematical multi-plume multi-layer transport model.
Habchi et al. (2016) investigated the direct and indirect
cross-contamination in office space with ceiling personalized
ventilation combined with desk fans. He et al. (2011)
investigated the exhaled droplet cross-transmission between
occupants in a typical office room with different ventilation
strategies. Li et al. (2011) adopted a novel modeling

approach to directly assess the inhalation dose of infectious
droplets and estimated the exposure risk for the co-occupant
under different ventilation methods. Olmedo et al. (2013)
investigated the risk of airborne cross-infection between
the two breathing thermal manikins in a room with vertical
low-velocity ventilation. Nielsen et al. (2012) studied the
cross transmission of the exhaled small particles between two
people standing in surrounding with a vertical temperature
gradient. Most of these studies indicated the importance of
using appropriate particle sizes in conducting this type of
study. The issue is particularly important for UVPIR where
the patient may be exposed to various types of bio-aerosols
generated from others.

Back in the 1940s, Duguid (1946) studied the sizes of
droplets from speaking, coughing and sneezing through
microscopic measurement, and found that the range of
the droplets diameters was from 1 pm to 2000 um and 95%
of the droplets were less than 100 pm. Chao et al. (2009)
measured the droplet size using the interferometric Mie
imaging (IMI) technique. The droplet size distribution
obtained by their study was more in line with the data
obtained by Duguid (1946). The geometric mean diameter
of the droplets expelled from coughing and speaking was
13.5 um and 16.0 um, respectively from their study. The
droplet concentrations were range from 0.004 to 0.223 cm™
for speaking and 2.4-5.2 cm™ per cough for coughing. The
average number of droplets/particles emitted each sneeze
and cough was 1 x 10°and 5 x 10°, respectively. Larger
droplets may settle out of the airflow quickly and thus the
cross transmission only happens when the individuals are
close enough. Smaller droplets may hang in the air for longer
time and spread for longer distance, thus will have higher
risk of cross transmission between person to person (Riley
1974; Brachman 1990). Overall, existing research showed
that the droplets of different sizes have different dispersion
characteristics and cross transmission risk.

Previously, we have developed a computational model
to simulate the airflow and contaminant dispersion in UVPIR
(Yang et al. 2015). However, air contaminant generated
from human source was overly simplified as gaseous in that
study. The goal of this study is to further understand the
droplets dispersion characteristics and cross transmission
risk with different sizes in unidirectional ventilated protective
isolation room.

2 Research methods

2.1  Mathematic model

In our previous study, CFD software (Fluent 2005) was used
to simulate the airflow and gaseous contaminant concentration
in UVPIR. RNG k-¢ turbulence model was selected to
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simulate the airflow field in UVPIR. The simulation model
was validated against experimental data (Yang et al. 2015).
Built upon this airflow model, we intend to simulate the
dispersion process of the droplets with the following three
initial sizes: large (100 um), medium (10 um), and small
(represented by gaseous contaminant). Particles smaller
than 2 um were found to share the common dispersion and
transport properties of air (Chen et al. 2006). It is feasible
to simulate the smaller particle with species transport model,
but not for larger particles concerned in this study.

Each droplet released from manikin’s mouth was tracked
individually in a Lagrangian frame for its instantaneous
position, velocity and other parameters. Generally for the
particles observed in indoor air, other forces such as the
Basset history, the pressure gradient and the virtual mass
are negligible compared with the drag force (Zhao et al.
2004). The density and size of the droplets investigated in
this study are all similar with their study, hence, the Basset
force, the pressure gradient force and the virtual mass force
are ignored in our simulation. The Stokes drag force, the
Saffman’s lift force, thermophoretic force and gravitational
force were considered in this study. Thus, the Lagrangian
equations describing the motion of the droplets are

dx

Ty, ()
du, _fo
W—_[—(I/l—up)—i-Fp (2)

P

where x, is the move distance, t is the time, u, is the velocity
of the droplet. F, represents other external forces; Saffman’s
lift force, thermophoretic force and gravitational force are
considered in this study. fp is the Stokes drag modification
function. For large droplet Reynolds number (Re;), fo is
defined as (Clif et al. 1978)

fo(Re, ) =1+0.15Re)* (3)
The droplet characteristic time in Eq. (2) is defined as

D:C
7, = Popte (4)
18u
The Cunningham slip correction factor C.for small size
droplets in Eq. (4) is

B 21 l.le >
. —-14—1i;<L257«+414exp(—- ) (5)
pp is the density of the droplet, D, is the diameter of the
droplet, A is the mean free path.

The gradient of diffusion due to the vapor pressure
equilibrium at the droplet’s surface is used to calculate the
vaporization rate of the droplets:

599
dN
5 = (G —C) (6)
CDP 0.5 l
Nu,yw = o= 2.0+ 0.6Re,”Sc? (7)
T
CS :psat( p) (8)
RT,
P
C.,=X RTP 9)

where Nu,, is the Nusselt correlation at the air-water
interface. Dy, is the mass diffusion coefficient. ¢ in Egs. (6)
and (7) is the mass transfer coefficient; the value of ¢ is
calculated from a Nusselt correlation (Ranz and Marshall
1952). Sc is the Schmidt number. R is the universal gas
constant. p.(T}) is the saturated water vapor pressure. Ty, is
the temperature of the droplets. X; is the local bulk mole
fraction of water vapor, p., is the operating pressure,
and T, is the local bulk temperature in the air.

Heat balance equation is used to simulate the droplet
temperature. It is the sensible heat change in the droplet
to the latent heat of evaporation and the convective heat
transfer between the droplet and the air:

ar, d
2 = Y rHA (T T,)

T (10

where m, is the mass of droplet, C, is the specific heat capacity
of droplet, Hj, is the latent heat of evaporation. H is the heat
transfer coefficient, and is obtained in similar way:

HD, 05 s
Nu = =2.0+0.6Re,” Pr?

Kett

11)

where . is the effective thermal conductivity, Pr is Prandtl
Number.

2.2 Validation of the droplets simulation model

The airflow turbulence model and gaseous contaminant
simulation model have been validated previously (Yang
et al. 2015). We only need to validate the droplet simulation
model here.

Chao and Wan (2006) tested the dispersion of expiratory
aerosols in unidirectional downward ventilation room with
dimensions of 4.8 m x 4.8 m x 2.6 m (width x length x height).
The tested ventilation type is quite similar to unidirectional
ventilated protective isolation room investigated in this
study. The droplet emission source was located at the center
of the testing room, 0.8 m above the floor. Droplets were
emitted vertically upward. We simulated their experimental
cases with the simulation model discussed above and
compared with the data. Figure 1 indicates that the predicted
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Fig. 1 The comparison of the predicted vertical position of the droplets with the experimental data by Chao and Wan (2006)

vertical position trajectory of droplets matches well with
the experiment results.

2.3 The description of the investigated scenario

We simulated the droplets cross transmission between two
manikins in UVPIR in this study. The size of the room is
3 m x 2.5m x 3 m (width-X, height-Y, and length-Z). Clean
air is supplied into the room through ceiling-mounted
HEPA filters with the opening size of 3 m x 3 m (width-X
and length-Z). The air is exhausted from the outlets located
on the bottom of two sidewalls of the room, with each
opening size being 0.3 m x 3 m (height-Y, and width-X).
Two standing manikins with 1.0 m apart are located in the
room, as shown in Fig. 2. The blue manikin represents the
susceptible and the red manikin represents the source. The
heights of both manikins are 1.7 m.

Wells (1934) defined large droplets as those over 100 pm
in aerodynamic diameter. Hence, 100 um is selected in this
study to investigate the transmission characteristics of large

Ceiling supply opening

R
Susceptible Source
manikin

manikin

Outlet

Fig. 2 The schematic of the simulated room and manikins

droplets. Lindsley et al. (2010) measured the influenza virus
in aerosol particles from human coughs and found that not
only that coughing by patients emitted aerosols containing
the influenza virus, but also that much of the influenza
viral was contained within particles in the respirable size
range. 35% of the detected influenza RNA was contained
in particles >4 um, 23% in particles of 1-4 pm, and 42% in
particles <1 um. 10 pum is selected in this study to examine
the transmission characteristics of medium droplets. Gaseous
contaminant is also studied to represent small droplets
(smaller than 1 pm) and chemical contaminant.

2.4 Boundary conditions

Velocity inlet boundary condition was used for the inlet
opening, the supply air velocity was 0.25 m/s which was
recommended by Yang et al. (2015) and the supply air
temperature was set to 24 °C. The mass flow rate at outlet
was equal to that of inlet. The heat fluxes of room enclosure
surfaces were all set to 0. The body surface temperature of
the manikins was set to 33 °C (Yang et al. 2015). Based on
the research of McFadden et al. (1985), the temperature of
coughing air from source manikin’s mouth and the breathing
air from both source and susceptible manikins’ noses were
set to 32 °C.

The flow boundary conditions at the mouth and nose
of the source manikin were different depending on whether
he/she was breathing or coughing. In our simulation, the
coughing airflow came from source manikin’s mouth; the
airflow from source manikin’s nose was 0 during coughing.
After coughing, the source manikin breathed with nose and
the airflow rate from mouth was 0. The susceptible manikin
breathed with nose during all simulating time and the airflow
rate from his/her mouth was 0. The boundary conditions of
the exhalation at source manikin and susceptible manikin’s
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mouth and nose were specified according to the study
of Gupta et al. (2009, 2010). Droplets were composed of
organic ions, aqueous solution containing inorganic and
glycoproteins.

The relative humidity has great influence on the dispersion
of the droplets in the room. Low relative humidity results
in rapid evaporation and thus leads to the increase of the
suspended particles in the room air (Arundel et al. 1986).

Table 1 The boundary conditions in the simulation

The relative humidity (RH) in the supply air was set to 50%,
as recommended by the Chinese standard GB 50457-2008
(2009). The relative humidity of the breathing and coughing
air was set to 100%. When expelled from source manikin’s
mouth, the droplets entered into an environment that had
a lower temperature and relative humidity than that in the
coughing air. The detailed settings of boundary conditions
are shown in Table 1.

Boundary Physical parameter Value
Velocity 0.25 m/s
Supply airflow Temperature 24°C
Relative humidity 50%
_ 4
5%
EXi
32
$E !
1o
. Nose g2 _
Breathing airflow Velocity £3 ;
from susceptible & g _3
manikin -
0 1 2 3 4 5
Time (s)
Mouth 0
Temperature 32°C
Relative humidity 100%
g 4
5 3
3
2 2
ez
zE !
g% o
Nose T=E
%5
g8 -2
=
§ =3
5 4
0 1 2 3 4 5
. . Time (s)
Coughing jet and Velocity
breathing airflow g 10
=
from source 2 8
manikin &z ¢
B8
g5 4
Mouth 5=
>E 2
£E
= 0
: -
x 0 1 2 3 4 5
Time (5)
Temperature 32°C
Relative humidity 100%
Human body Temperature 32°C
surface
Inlet Reflect
Outlet Escape
Droplets Nose/mouth Escape
Human body surface and
Trap
walls
Material Water
Droplet material Initial temperature 32°C
characteristics Volatile fraction 98.2%
Binary diffusivity 0.288 cm?/s
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3 Results and discussion

The airflow field in the simulated UVPIR is shown in Fig. 3.
The stream lines are almost parallel above the manikins’
heads. The downward airflow directions are changed by the
thermal plume from manikin and created two “human
thermal plume affecting zones” (HTPA zones), which is
defined as the vortex area affected by the human thermal
plume (Yang et al. 2014). The downward airflow near the
manikin is pulled up by the manikin thermal plume and
creates a vortex airflow around the human body. The
existence of the HTPA zone has mixed effects. On one hand,
the HTPA zone around the manikin can create a protective
barrier and prevent the contaminant from entering the zone
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o3 -1 —0.5 i 15

Fig. 3 The airflow field in the UVPIR
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t=15s

t=35s t=40s

t=45s

and avoid contaminant cross transmission. On the other
hand, if the contaminants are entrained into the HTPA zone,
the upward airflow in the zone will carry the contaminant
to the manikin’s breathing zone and lead to cross transmis-
sion. The effective way to decrease cross transmission is to
prevent contaminants from entering the HTPA zone of the
susceptible manikin.

The dispersion process of the droplets with initial diameter
of 100 um from coughing is shown in Fig. 4. These droplets
carried by the coughing jet can move forward for a very
short distance (less than 0.3 m) before going downward, and
mainly disperse in the HTPA zone of the source manikin
after that. The droplets settle out of the coughing jet quickly
after emitted from source manikin’s mouth. Very few droplets
remain in the UVPIR one minute after.

Figure 5 shows the dispersion process of the droplets
with initial diameter of 10 um. Approximate 60% of the
droplets carried by the coughing jet move forward for
approximately 0.6 m, enter into and disperse in the HTPA
zone of the susceptible manikin. The other parts of droplets
(approximate 40%) remain in the HTPA zone of the source
manikin and mainly disperse around the source manikin
area. As shown in Table 1, the peak coughing velocity can
reach 9 m/s. Such high velocity coughing jet can easily break
out the protective barrier and enter into the HTPA zone of
susceptible manikin. However, after coughing, the source
manikin respires via nose. The peak breathing velocity drops
down to 2.9 m/s. During the respiration process, the breathing
air cannot break out the protective barrier and enter the
HTPA zone of the susceptible as shown in Fig. 5. Hence,
when the velocity of the coughing airflow is higher (much
higher than 2.9 m/s), the droplets can be carried by the high

1=30s

t=50s t=55s

Fig. 4 The dispersion process of droplets with initial diameter of 100 um
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velocity coughing jet to the susceptible manikin’s HTPA
zone. But when the velocity of the coughing airflow is lower,
the droplets cannot reach the susceptible manikin’s HTPA
zone. One minute after, most of the droplets are removed
from the room.

The dispersion process of the gaseous droplets is shown
in Fig. 6. Similar to the dispersion process of the droplets with
initial diameter of 10 um, part of the gaseous contaminants
are carried by the higher velocity coughing jet to a longer

t=15s

t=35s t=40s

t=20s

t=45s =50s

distance in 3 seconds and enter the HTPA zone of the
susceptible manikin directly. Other gaseous contaminants
carried by the lower velocity coughing airflow remain in
the HTPA zone of the source manikin. Five seconds after,
the two parts of gaseous contaminants are dispersed in the
HTPA zones of susceptible and source manikins respectively.
The gaseous contaminant concentrations in the area close
to the body of two manikins are higher than that of other
places. The contaminant is diluted gradually with time.

t=9s

t=25s t=30s

Fig. 5 The dispersion process of droplets with initial diameter of 10 um

__

Dimensionless concentration

1E-10 1E-09 1E-08 1E-07 1E-06 1E-050.0001 0.001 0.01 0.1 1

Fig. 6 The dispersion process of gaseous droplets
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One minute after, the contaminant concentration near the
manikin is already diluted by 10 000 times.

The dispersion processes of the droplets with initial
diameter of 10 um and gaseous contaminant are similar from
the comparison between Figs. 5 and 6. Figure 7 shows how
the droplet sizes change with time for different initial size
droplets. For the droplets with initial size of 10 um, the size
remains nearly the same in the first 2 seconds due to high
relative humidity of the breathing air, and then decreases
rapidly to 2.6 um in the following 0.4 seconds. The droplets
with initial size of 10 um become droplet nuclei with size of
2.6 um rapidly after entering into the room. Zhao and Wu
(2005) proposed an indicator to judge whether the particle
can be treated as passive transport or gaseous contaminant.
By calculating, we found when the particle size is less than
10 pm, the indicators of the droplets/particles in UVPIR
under 0.25 m/s air supply velocity are all lower than the
upper limit (2.8E-02 s?) suggested by Zhao and Wu (2005).
Based on this, if the size of the droplet nuclei is less than 10 um
(which corresponds to 30 pum initial size of the droplet from
Fig. 7), the droplet dispersion would be similar to that of
gaseous contaminant. The droplets with initial size of 100 pm
need 6 seconds to become the droplets nuclei with the size
of 26 um. For larger particles, the dispersion characteristics
are of great difference than gaseous contaminant.

Figure 8 shows the total quantity of droplets changing
with time in the UVPIR. For the droplets with initial size of
100 um and 10 pm, only 1% left in the room air after one
minute. But for the gaseous contaminant, 15% of the con-
taminant left in the room air after one minute. Although
the droplets with initial size of 10 um and the gaseous
contaminant have similar dispersion process in the UVPIR,
their total quantities in the room air decay process are
different. The reason is that the droplets deposit on the
surfaces in the room during the transmission, not the gaseous
contaminant. The quantity of the droplets with initial size
of 100 pm has a rapid decrease in the first 5 seconds. The
reason is that the droplets mainly disperse around the
source manikin body surface in the first 10 seconds (as
shown in Fig. 4), which leads to a great chance of settling
and over 10% of the droplets deposit onto the body surface.
The quantity of the droplets with initial size of 10 um also
has obvious decay at the first 15 seconds, but both the
amount and the rate of decay are much smaller than that of
the droplets with initial size of 100 um. For the decay process
of the gaseous contaminant, the quantity of the gaseous
contaminant remains unchanged at the first 10 seconds
and decreases gradually after that. The total amount of the
gaseous contaminant drops to 20% in 30 seconds, and the
decay rate becomes quite small after that. One minute after,
15% of the gaseous contaminant remains in the room.

The schematic diagram of the dispersion process of the
droplets in the UVPIR is summarized in Fig. 9. From the
discussions above, large droplets have larger settling velocity,
so that the droplets settle out of the coughing jet quickly
after coming out from mouth and cannot be carried by the
coughing jet to the HTPA zone of the susceptible manikin.
Hence, the larger droplets disperse mainly in the HTPA zone
of the source manikin, and the droplets cross transmission
between source manikin and susceptible manikin should be
very small. But for small droplets/gaseous contaminants,
part of them are carried by the higher velocity coughing
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Fig. 7 The size change with time of the droplets with different
initial sizes
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Fig. 8 The total quantity of droplets change with time in the
UVPIR

susceptible manikin
HTPA Zone of
source manikin
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HTPA Zone of
HTPA Zone of

Large droplets Small droplets and gaseous contaminant

Fig. 9 The schematic diagram of the dispersion process of the
droplets in the UVPIR
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jet to the HTPA zone of the susceptible manikin and lead
to cross transmission. The remaining contaminants carried
by the lower velocity coughing jet remain in the HTPA zone
of the source manikin. This indicates that a potential effective
measure to reduce person to person cross transmission in
UVPIR is to decrease the velocity of coughing jet like wearing
a mask.

4 Conclusions

We simulated the dispersion process of the droplets with

initial diameter of 100 um and 10 um and gaseous con-

taminant in a UVPIR and studied the droplets dispersion
characteristics and cross transmission with different sizes.

We can get the following conclusions:

(1) For the droplets with initial size of 100 um, the droplets
settle out of the coughing jet quickly and cannot be carried
by the coughing jet to the HTPA zone of the susceptible
manikin. Almost all the droplets are left in the source
manikin’s HTPA zone and dispersion in it.

(2) The droplets with initial size of 10 pm and gaseous
contaminant have similar dispersion process but different
decay process in the UVPIR.

(3) Part of the small droplets and gaseous contaminant that
are carried by the higher velocity coughing airflow can
enter the HTPA zone of the susceptible manikin and
disperse around it. The other part cannot spread to the
susceptible manikin’s HTPA zone and mainly spread in
the source manikin’s HTPA zone.
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