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Numerical modeling of environmental flows involves complex geometry, moving bodies, multi-phase
flow, and buoyant jet effects. An in-house CFD code has been developed using finite volume and
immersed boundary methods. The transport and dispersion of virus-laden aerosols in a ventilated room
is investigated by this numerical code. The uniqueness of this numerical code is that it can efficiently
compute small-scale turbulent flow in which most commercial CFD software will suffer from large
numerical error. Random flow generation (RFG) [33] is an ideal choice for small-scale turbulence for
low-Reynolds number flow in a ventilated room. In addition, Lagrangian stochastic (LS) walk model is
applied to directly compute probability density function (PDF) of aerosols and estimate the risk factor
of aerosol dispersion from a point source. The present study focuses on aerosols with small diameter
(<10 um) in which the effects of evaporation on the dispersion of aerosols could be neglected. Different
location of aerosol sources and a typical ventilation layout are discussed in detail. The numerical results
with PDF yield more useful quantitative information to assess the risk area of virus transport in a venti-
lated room than that shown in random trajectories of particles as widely reported in the literature. This
study provides valuable information for ventilation control strategies with respiratory protection, such as
enhanced air exchange, air filtration rate, and improved airflow patterns to reduce indoor infection risk

via airborne virus laden droplets.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Airborne transmission of diseases like influenza is of great con-
cern to the public health community. Bio-aerosols have been re-
ferred as an important mode of transmission of influenza by
many researchers [36], and references therein [2,3,24,28]. The
virus-containing bio-aerosols originate from the respiratory activ-
ities such as coughing and sneezing. For instance, influenza viruses
are believed to spread through the air via turbulent diffusion and
transport and infect others who walk in. Modeling of the disper-
sion of respiratory virus-laden aerosols in a ventilated room is a
viable approach to examine the safety and reliability of engineer-
ing control measures. Mathematical modeling can provide detailed
three-dimensional information of infectious aerosol transmission
at a given time which is hard to directly obtain from experimental
observation or sampling.

Several analytic or semi-analytic models have been proposed to
evaluate risk factors for airborne transmission of diseases
[6,11,22,23,30,39,40]. However, these models suffer from neglect-
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ing the effects of fine scale turbulence on the spatial and temporal
distribution of bio-aerosols. In the past decade, most work on mod-
eling of indoor airflow and airborne transmission of aerosols or
droplets rely on computational fluid dynamics (CFD) models. For
example, indoor air quality, thermal comfort, and distribution of in-
door contaminant particles have been well documented by using
CFD tools [7,8,15,19,35]. The majority of these studies have dealt
with averaged turbulent flow and scalar fields by using Reynolds
averaged Navier-Stokes (RANS) turbulent transport models. Quali-
tative estimation of trajectories of single or group particles rather
than direct estimation of most risk areas has been reported. Shih
et al. [31] investigated the effect of moving body in a ventilated
room using dynamic meshes. Tian et al. [38] showed instantaneous
re-circulation structure in velocity field in a ventilated room using
large-eddy simulation (LES). However, a challenging task is to sim-
ulate small-scale turbulence or intermittency of turbulence, for
example buoyant jets (coughing or sneezing) in an isolated room.
Specific low-Reynolds number turbulent transport models are re-
quired for the prediction of low-velocity indoor airflows which is
not suitable by using commercial CFD software such as FLUENT
on relatively coarse grids. Furthermore, it is much more difficult
to predict second-order moments such as Reynolds stresses and
auto-variances. Improvement can be sought by using an alternative
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numerical technique such as random flow generation (RFG) tech-
nique to reconstruct fine scale turbulence from the mean quantities
already calculated [33].

The above fluid dynamics problems usually involve complex
geometries and moving boundaries in addition to strong tran-
sients. The applications of CFD to such problems traditionally em-
ploy boundary fitted coordinates, which require generation of
complicated computational grids. The alternative approach utiliz-
ing Cartesian coordinates with embedded virtual force method
(immersed boundary method) avoids the problem of expensive
and time consuming boundary fitted grid. The simple rectangular
or hexahedral orthogonal grids directly benefit numerical accuracy
and computational efficiency. An immediate application of im-
mersed boundary method [26,34] is to modify an in-house CFD
DREAM code [1,4,13,14]. The available DREAM code was developed
by the CFD & AMP Center (http://cfd.mae.wvu.edu) at the Depart-
ment of Mechanical and Aerospace Engineering, West Virginia Uni-
versity, WV, USA.

The objective of the present study is to develop a novel CFD tool
for bio-fluids and environmental flow applications such as gas-
droplets multi-phase flow simulation, in particular, droplets and
particles dispersion and migration in air-conditioning environ-
ment, risk assessment of biological aerosols and virus-laden parti-
cles in workplaces. For the purpose of computational efficiency, a
simple and orthogonal Cartesian grid has been used thanks to ben-
efits of the immersed boundary method. The so-called unsteady
RANS model is used without directly using a wall function for tur-
bulent flow. By employing the random flow generation (RFG) [33]
technique, small-scale homogeneous or inhomogeneous turbulent
fluctuations are captured without complicated turbulence models.
In addition, the code is linked to a Lagrangian stochastic (LS) model
[10] to compute probability density function (PDF) of small-size
droplets migration in a ventilated room. The LS model has several
advantages such as direct tracking of fluid particle trajectories,
meshless, independence of the reference frame, without numerical
diffusion, concentration is always positive, and feasibility in con-
junction with complicated flow environment. A static circular cyl-
inder in uniform flow field is used to benchmark the DREAM code.
A typical ventilation system is applied, and different locations of
aerosol sources to mimic standing, sitting, or sleeping position of
a subject are discussed in detail. A simple cough model with con-
stant temperature and constant relative humidity is assumed.
The simulation is limited to small aerosols (with diameter
<10 pm) which are diluted enough that its effects on the continu-
ous phase, air, can be neglected.

2. Mathematical model

The physical properties of aerosols are strongly dependent on
droplets or particles size. Aerosols with an aerodynamic diameter
(<10 um) remain suspended in air for a sufficient duration to per-
mit dispersion through the room [36]. Large aerosols or droplets
(>10 um) are characterized by evaporation and settling in the
room. The evaporation process affects the drifting velocity of drop-
lets and its concentration [9,12]. Numerical experiments showed
that the evaporation process of 50 um droplets finished in several
seconds as their diameter reduced to less than 5 pm under the con-
dition of 60% relative humidity [20]. Experiments showed that 90%
of large size (d > 50 um) water droplets rapidly settle down close to
point of emission, only about 4-10% of droplets disperse in room
air (d < 10 um), and the time-scale for the process of evaporation
of droplets from 5-10 pm to 2 pm is less than 0.1 s [21]. Consider-
ing 1.0 m/s air velocity in the room, the maximum distance for
droplets with large size to settle down is about 0.1 m for 99% par-
ticles involved. Size distribution experiment also shows that 82% of

droplet nuclei is in range of 0.74-2.12 pm, and which are possible
key contributors to airborne disease transmission [41]. The disper-
sion of these suspended droplets with small size is the main focus
of this study. It is reasonable to assume that the dispersion and
transport of aerosols can be regarded as passive scalars (i.e. all par-
ticles follow the air in perfect harmony). Thus, the dispersion of
passive scalar (influenza virus) by turbulent fluctuations can be
considered as an archetypal continuous stochastic process. Numer-
ical simulation shows that it is justified to model these aerosols as
passive scalars, which neutrally follow the turbulent airflow, as a
first approximation.

2.1. Modeling of continuous phase flow by finite volume method

Indoor airflow is characterized as a low-Reynolds number tur-
bulent flow. The air-aerosols dynamics is determined by a one-
way coupling process. The carrier phase (air) solution is indepen-
dent of the particle trajectories assuming that the particulate phase
is diluted and does not affect the carrier phase. The continuous
phase airflow in an isolated room is modeled by so-called unsteady
RANS with no turbulence model (URANS) where random flow gen-
eration (RFG) (see Section 2.2) is used to generate small-scale tur-
bulence. The large-scale turbulent flow (not the mean velocity) is
obtained by solving the following governing equations:
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where 7; and 1, are the small scale Reynolds stresses and scalar
fluxes, respectively. The diffusion coefficient in the concentration
equation contains two terms, one for molecular effect and another
for turbulent transport modeled via an RFG technique. The differen-
tial conservative form of Eq. (1) is given by
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Standard finite volume method is applied to discretize Eqgs. (1)
or (2) by using structured orthogonal and staggered grid for veloc-
ities, temperature and pressure [25]. The discrete form of Eq. (2)
can be written as follows [1,4,13]:

appp = Zanb¢nb +b 3)

where ay are the coefficients of the corresponding nodal variables,
subscript “nb” denotes neighboring nodes, b is a function of ¢ eval-
uated at an old time level. The choices to solve the available alge-
braic equations are alternative direction implicit (ADI) or strongly
implicit procedure (SIP, an implicit LU decomposition method).

2.2. Random flow generation (RFG) for small-scale fluctuation

The random flow generation (RFG) technique is applied in the
DREAM code to construct small-scale turbulent fluctuations [33].
This model is a modified version of 16 method and can serve as a
sub-grid scale (SGS) model for large-eddy simulations (LES). By
choosing appropriate turbulence length-scale and time-scale, it is
shown via numerical studies that RFG can achieve a flow field that
resembles the flow structure simulated directly using LES [32]. For-
tunately, the turbulence length-scale and time-scale can be esti-
mated for ventilated rooms through defined geometry and


http://cfd.mae.wvu.edu

S. Mao, I1.B. Celik/Computers & Fluids 39 (2010) 1275-1283 1277

turbulence intensity. The turbulent fluctuation obtained via RFG is
superimposed to the large-scale turbulent field obtained by
URANS.

In order to apply RFG technique, the length-scale and time-scale
in indoor airflow condition needs to be known. The mixing length-
scale model is used as follows:

T=-— 4
- (4)
where u, the velocity scale for indoor turbulent flow, is determined
from a prescribed turbulent intensity, for instance 5%. The general
form of the length-scale equation is given by:

{¢ = cmin{K14y, K20y, k3ell,, H, ., W, JsL, Ax, Ay, Az} (5)

where c is chosen to be a constant (in the order of 1.0) or a function
of turbulent kinetic energy, A1 = 1, = 43 =0.1-0.5, K1 = Ky = K3 =
0.05, H, W, L are the dimensions of the room, Ax, Ay, Az are the grid
sizes, and 4, ¢,, ¢, are the distances of the point in consideration
from the walls (Fig. 1). Therefore, the suggested length and time-
scales are 0.04 m and 0.01 s, respectively, for this study. There are
guidelines on the selection of constant lambda and kappa, first is
the assumption of isotropic turbulence which results in equal val-
ues in three directions, second is three sets of geometry in our study
in (5). Finally, the value of lambda and kappa are not universal and
relies on experimental results. More details can be found in Tenne-
kes and Lumley [37].
The small-scale turbulent fluctuation is generated as follows:
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where N(M, ¢) is a normal distribution with mean M and a standard
deviation ¢. Repeated indices imply Einstein summation, parenthe-
ses between index preclude summation. The number N in Eq. (6) is
the size of spectral space.

. —_—— ———— - —]
A Y ¥
H Voo L fx
s 4

/s Y W
/j; /
e
s

L

Fig. 1. Geometry for the determination of the length-scale and time-scale for
indoor low-Reynolds number turbulent flow.

2.3. Immersed boundary method

For the cases where immersed boundary represents a solid sur-
face, additional forces are added to the governing equations to rep-
resent the surface [26]. Traditionally, immersed boundary method
has been used for two-way coupling virtual forces. Since the im-
mersed boundary method is used for stationary subjects such as
mannequin, or desk/chairs in test room, the process of calculation
of virtual force can be simplified in this study. The forcing concept
is based on a one-way coupling between the solid and fluid, i.e., the
solid influences the fluid, but the fluid does not influence the solid
body. Fig. 2 shows the calculation of u; in the computational cell
(gray cell) most close to the body surface where the value of u; is
required to calculate the virtual force [34]. Without loss of gener-
ality, the momentum equations in (1) are recast
ut — ! B 1 "
= RHS™Z + f**2 9)
where superscript “¢” imply current time level, and “¢ + 1/2” means
intermediate value. The RHS contains convective, diffusive (vis-
cous), pressure gradient, and source terms. The additional term f
is introduced by the immersed boundary method. Given the value
of u; (Fig. 2), the virtual forcing term is obtained from

[T L e

(10)

the above value of f is then added to the momentum equation for
the calculation at next time level “¢ + 1”. A simple way to compute
the virtual force term is suggested by Su et al. [34],

f= =B+ ovy| vy (11)

where g and o are empirical parameters. Eq. (11) is used in this
study with the value of:

o= 10, ﬁ:%§ (12)

There are detailed benchmark reports about this approach and it

has led to very good results in a variety of test cases. This simplified
approach provides globally accurate results for relatively coarse
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Fig. 2. Calculation of the gray cell velocity close to the surface by linear
interpolation between the velocity of the body and the velocity of the adjacent
fluid cell.
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grids. In order to resolve the small-scale turbulent flow around solid
surfaces, finer grid is usually required close to the solid surface. Ad-
vanced techniques such as dynamic adaptive mesh refinement
(AMR) provide an effective solution. In the current study, instead
of directly applying a wall function, the non-slip boundary on the
solid surface has been implemented by using two free parameters
in the immersed boundary method Eqs. (11) and (12). By a suitable
selection of free parameters, the three velocity components ap-
proach zero rapidly on the solid surface on which the non-slip
boundary condition satisfies. The details of the boundary layers in
the immediate vicinity of the walls were not considered to be crit-
ical for droplet dispersion model (see next section). The root mean
turbulent fluxes are obtained with the help of the RFG method.

2.4. Modeling of dispersion and transport of aerosols

The mathematical model of the dispersion of particles in this
study is a stochastic process. The Lagrangian stochastic (LS) model
(Markov-chain model) is introduced to simulate individual particle
trajectory by assuming that its velocity can be represented by a
Markov sequence [10]. Unlike the Eulerian-Eulerian or hybrid
Eulerian-Lagrangian approach, the LS model is not dependent on
mesh resolution or the number of trajectories computed. Given a
turbulent flow, the problem is posed to describe statistically the
evolution of the aerosol field from a known initial state. Turbulent
diffusion and advection was computed in the vertical and two hor-
izontal directions using the LS model. For instance, the vertical dis-
placement of aerosol particles is computed as a function of time,

dz=w-dt (13)

where w is the Lagrangian vertical velocity fluctuation and dt is dif-
ferential time increment. Incremental change in vertical velocity
were computed using the Langevin equation [10], and references
therein),

dw = a(z,t,w)dt + b(z, t,w)d¢ (14)

where the first term in the RHS is due to a deterministic forcing
(systematic forcing), and the second term describes a random forc-
ing term [5]. The two coefficients are derived from the Fokker-
Planck equation [10]. d¢ defines a Gaussian distribution with a
mean of zero and variance of dt. Instead of direct calculation of
the coefficients a(z,t,w), b(z,t,w), here RFG technique is used to
compute the random forcing term. It must be pointed out that the
particles are small enough to suspend in the air (diameter less than
10 um) and can be treated as passive scalar which justifies the
application of Langevin equation above.

An important time-scale with LS model is the Lagrangian inte-
gral time-scale T;. For the discrete form, when we consider the par-
ticle velocities at discrete times, tg, tq,...,t,, where t,.; — t, = At,
the following relation should be required:

T, <At<T; (15)

where T is the time-scale over which the particle acceleration re-
mains correlated. A practical choice is,

At = (0.05 ~ 0.1)T, (16)

2.5. Boundary conditions for particulate phase

In order to represent the effects of entrainment and deposition
of aerosols when they are in contact with the wall, a simple model
is used as follows:

Q' =Qp - Qe =c'vk (17)

where ¢ is a constant, and k is the turbulent kinetic energy. The
subscript “D” and “E” denote the deposition and entrainment,

respectively. It is also important to consider the non-physical wall
collision by introducing a de-correlation factor in the near wall
model. A threshold of the kinetic energy of a droplet in this study
is used to determine whether it is “reflected” or “trapped” [18].
For simplicity, it is assumed that the indoor droplet deposition oc-
curs mainly on the floor surface, while the deposition of droplets
on the ceiling surface is weak where particle-bouncing condition
is a reasonable choice.

3. Numerical results
3.1. Modeling of indoor airflow and aerosol transport

A representative type of ventilation layout is used (Fig. 3). A
simple inlet and outlet vent replaces complicated diffuser in our
simulation. Uniform inlet jet and steady state ventilation airflow
is considered. The velocity at the inlet is assumed to be 0.4 ms~'.

The location of coughing source is located at (1.125 m, 0.34 m,
1.125 m). A cough has a total content of 4000 ml and duration of
1 s analogous to an adult’s cough. The typical boundary condition

-
7

Fig. 3. Layout of inlet and outlet for a ventilation room, a vertical (A-A slice) and a
horizontal (B-B slice) cross section are chosen. The diffuser area is 0.4 m x 0.2 m for
inlet and outlet vent. Point C shows the position of the source.

Fig. 4. Instantaneous velocity field shown at the vertical cross section (A-A slice):
arrows show the u_ and v_ velocity components and color contours show w_
velocity component. x and y in meters.
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Fig. 5. Instantaneous velocity field shown at a horizontal cross section (B-B slice):
arrows show u_ and w_velocity components and color contours show v_velocity
component. x and y in meters.

for a coughing jet mimics an experimental condition performed at
NIOSH [27]. Given the 1215 ! of flow rate, the maximum velocity
from an initial axissymmetric round jet can be calculated in which
the diameter of the jet nozzle is 20 mm. The initial velocity from
the jet is in the x direction. The inlet concentration of aerosols is
zero (background concentration), and Neumann boundary condi-
tion at the outlet is imposed for the scalar. The computational do-
main is 2.75 m x 2.45 m x 2.75 m. Structured Cartesian grids are
used in the domain with 524,000 grid cells. A time-step of 10> s
was used in fully implicit time scheme. Two cross sections are se-
lected to show instantaneous or mean values of flow and scalar
fields. Figs. 4 and 5 show an instantaneous velocity field at the ver-
tical A-A slice and horizontal B-B slice, respectively. Strong airflow

mixing is shown from the re-circulation structure in the velocity
field. Fig. 6 shows time series of air instantaneous velocities at a
point inside the room. It demonstrates that our URANS model com-
bined with RFG technique has effectively captured both large-scale
and small-scale turbulence. Our results demonstrate an advantage
over RANS transport models in which the spatial and temporal
fluctuations in the momentum and scalar field and local instanta-
neous exposure may not be effectively captured. The RANS-tied
URANS method shows LES like capability (pseudo-LES).

Figs. 7 and 8 show instantaneous distribution of aerosol concen-
tration at four consecutive instants with the time interval of 1s
with and without coughing jet in a closed ventilation room. A point
source with unit strength is released from t = 1 s-2 s in the room to
mimic an adult’s cough. The initial location of the point source is at
the cell (0.675 m, 0.96 m, 0.855 m). Fig. 7 shows a dominant down-
ward advection on the transport of aerosols, which rapidly settle
down to the floor. Considering the effect of coughing buoyant jet,
however, the maximum value of concentration decreases and aero-
sols dilute rapidly after 50 s because the coughing jet enhances dis-
persion of aerosols as shown in Fig. 8. The difference of the highest
concentration in Figs. 7 and 8 is more than two-orders of magni-
tude due to the effects of coughing jet. The well-mixing condition
of passive scalars may be justified for cases with strong airflow or
coughing jet conditions. However, because of indoor air being ven-
tilated with fresh air at a given air change per hour (ACH), the con-
centration of aerosols shows large difference even though the
velocity field is fully developed.

3.2. Small-scale turbulence and its effects

One application of our numerical code is modeling of small-
scale turbulence and its effects on the dispersion of particles in a
ventilated room. Representative examples are a turbulence driven
by coughing in a room (buoyant jet), or by a blender (pure mechan-
ical power). The feature of the flow is its zero mean velocity even
though local strong turbulence happens. Most turbulent transport
models cannot effectively catch the turbulence fluctuation while

Fig. 6. Time series of instantaneous velocity at a point (1.125 m, 1.20 m, 1.125 m) for a finer grid using URANS method with RFG in the DREAM code.



1280 S. Mao, 1.B. Celik/Computers & Fluids 39 (2010) 1275-1283

Fig. 7. Contours of instantaneous concentration of particles at four consecutive instants (time interval of 1 s) in the room without considering effects of coughing jet on the
dispersion of scalar.

Fig. 8. Contours of instantaneous concentration of scalar, a similar case as in Fig. 7 except that the effect of coughing jet (maximum velocity of 2.5 m s~ !) is included.
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Fig. 9. Contours of small scale u velocity fluctuations (m s~ ') at the central vertical
cross section for the same ventilation room by using RFG. x and y in meters.
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Fig. 10. Contours of small scale v velocity fluctuations (m s~!) at the central vertical
cross section for the same ventilation room by using RFG. x and y in meters.

the mean flow is zero. An special turbulent transport model is re-
quired [17]. Instead of using complex specific model, Random flow
generation (RFG) technique is applied to reconstruct turbulence
while the mean velocity is zero. In addition, second-moments such
as Reynolds stresses and co-variances can be easily calculated from
RFG.

Figs. 9 and 10 show the instantaneous turbulent u and v velocity
fluctuations on a vertical cross section (A-A) where the mean
velocity is zero. For the ventilation conditions shown in Fig. 3,
the magnitude (turbulent intensity) of the small-scale turbulence
is about 5% of the large scale turbulence. The contour lines show
complicated coherent structure of turbulence in the room. We
again see that the advantage of RFG model is its simplicity and fea-
sibility to generate anisotropic turbulence. For turbulent flow that
mean velocity is not zero, a full scale realistic flow field is recon-
structed by superimposing the small-scale turbulent fluctuation
as shown in Figs. 9 and 10 to the large scale instantaneous velocity
calculated from URANS (Figs. 4 and 5).

Given the source location, the LS walk model can predict the
transport and dispersion of aerosols, and calculate the probability
density function (PDF) or influence area of aerosols in the venti-
lated room. Two point source positions are chosen, and 50,000 par-
ticles have been released at a given point for each run. The
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Fig. 11. Probability distribution of aerosol along the horizontal direction at the

height z=1.44 m for two different position of point sources in a ventilated room
(without effects from coughing jet).
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Fig. 12. Probability distribution of aerosol along the horizontal direction for two
heights z=1.44 m and 1.89 m from the same point sources in a ventilated room
(without effects from coughing jet).

statistics of the probability distribution is based on 1000 s of real
time simulation. Since it is easy to obtain the time trace of particle
concentration at a given sample position [29], the probability dis-
tribution in space can be also used to compare to that time trace
for quasi steady state turbulent flow based on Taylor’s hypothesis.

Figs. 11 and 12 show the probability distribution of aerosol con-
centration under a small-scale turbulence condition (the mean
velocity is zero in the closed room). The risk area of infection is di-
rectly reflected from the location of peak of each distribution curve
(proportional to location of peak). Fig. 13 shows the effects of point
source on the probability distribution of aerosols. The local peak is
determined by the position of source. Fig. 12 shows the redistribu-
tion of aerosol concentration at different measurement height
(1.44 m and 1.89 m in the room) for the same point source. This
quantitative comparison shows that more particles could accumu-
late at the height of 1.44 m than that at z=1.89 m. Fig. 13 shows
the normalized concentration or probability distribution of aero-
sols, which provides quantitative information of impact area in a
statistical sense. There are two issues to be emphasized: first, the
distribution of occurrence is only for a limited statistical period
(1000 s of real time). Second, a threshold condition is set up for tur-
bulent kinetic energy of aerosol to determine whether it will
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Fig. 13. Normalized concentration of probability distribution of particle at different measurement height levels obtained by combined RFG technique and the LS model.

rebound or not when it gets in contact with floor/ceiling/walls.
There will be a small difference in the probability distribution close
to the wall if a non-rebounding condition is used. Nevertheless, we
can see clearly that the results with probability distribution can
provide more quantitative information than that from predicted
trajectories of particles as reported by most previously published
research work.

4. Conclusions

A numerical tool (i.e. DREAM code) based on unsteady RANS
with no turbulence model (URANS) has been developed. The
large-scale turbulent flow was directly solved by using URANS in
a relative coarse grid system. The random flow generation (RFG)
technique was applied to generate the small-scale turbulence
based on prescribed turbulent length-scales and time-scales and
superimposed to large-scale velocity components. In addition,
the RFG can reconstruct the weak turbulent fluctuations where
the mean velocity is zero. Otherwise, a special turbulent transport
model is required for low-Reynolds number flow inside weaker
ventilated rooms. On the other hand, the RFG can be used as a
sub-grid scale (SGS) model to large-eddy simulation (LES). The
numerical results obtained by URANS + RFG have effectively cap-

tured re-circulation zones and turbulent fluctuations and show
advantages over RANS models.

Immersed boundary method is successfully implemented in the
newly developed code. This technique can be applied with relative
easy with a structured Cartesian grid system for complex geome-
tries that are often encountered in bio-fluids and environmental
flow problems. Numerical experiments show promising results
compared to complicated body-fitted grid system. A typical venti-
lation system was tested by using immersed boundary method for
indoor airflow and dispersion of aerosols. This technique can also
be applied to other engineering problems such as porous media
problems and other multi-phase flow applications.

A Langrangian stochastic (LS) flight model combined with RFG
technique was applied to examine the risk of infection in a typical
ventilated room. This model is shown to be feasible for analyzing
complicated indoor environment in which turbulence diffusion
exhibits significant effect on the transport of aerosol particles.
The calculated probability distribution (or normalized concentra-
tion) of aerosols (droplet nuclei) in a typical ventilated room
showed that the peak of influence area moved away from the
coughing source as aerosols propagate with air (the carrier phase).
It also shows the effects of entrainment and deposition of aerosols.
The probability distribution provides quantitative information to
directly assess influence area of virus-laden aerosols due to turbu-
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lent diffusion in a closed space. This result is more useful than that
shown in random trajectories of particle as widely reported in the
literature. This type of numerical results should help us to reexam-
ine indoor environments in healthcare settings and other work
places to limit or prevent viral spread.
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