https://doi.org/10.1016/j.buildenv.2021.108027 This is the Pre-Published Version.

Zhou, Y., An, Y., Chen, C., and You, R.* 2021. Exploring the feasibility of predicting
contaminant transport using a stand-alone Markov chain solver based on measured airflow
in enclosed environments. Building and Environment, 202: 108027 .

Exploring the Feasibility of Predicting Contaminant Transport Using a Stand-Alone
Markov Chain Solver Based on Measured Airflow in Enclosed Environments

3
4 Yiding Zhou', Yuting An', Chun Chen!*, Ruoyu You’*
5
! Department of Mechanical and Automation Engineering, The Chinese University of Hong
Kong, Shatin, N.T. 999077, Hong Kong SAR, China
2 Shenzhen Research Institute, The Chinese University of Hong Kong, Shenzhen 518057,
China
10 3 Department of Building Services Engineering, The Hong Kong Polytechnic University,
11 Kowloon 999077, Hong Kong SAR, China
12
13 * Email: ruoyu.you@polyu.edu.hk
14

15  Abstract:

16  Correctly predicting contaminant transport in enclosed environments is crucial for improving
17  interior layouts to reduce infection risks. Using the measured airflow field as input to predict
18  the contaminant transport may overcome the challenges of measuring complex boundary
19  conditions and inaccurate turbulence modeling in the existing methods. Therefore, this study
20 numerically explored the feasibility of predicting contaminant transport from the measured
21 airflow field. A stand-alone Markov chain solver was developed so that the calculations need
22 not rely on commercial software. Airflow information from CFD simulation results, including
23 the three-dimensional velocity components and turbulence kinetic energy, was used as
24 surrogate for experimental measurement based on the spatial resolution of ultrasonic
25  anemometers. Three cases were used to assess the feasibility of the proposed method, and the
26  calculation results were compared with the benchmark calculated by the commercial CFD
27  software. The results show that, when the airflow was simple, such as that in an isothermal
28  ventilated chamber, the stand-alone Markov chain solver based on the measured airflow field
29  predicted the trend of contaminant transport and peak concentrations reasonably well. However,
30 for complex airflow, such as that in non-isothermal chambers with heat sources or occupants,
31 the solver can reasonably predict only the general trend of contaminant transport.

32
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1. Introduction

In recent decades, transmission of airborne infectious diseases has become a major public
concern. For example, outbreaks of measles [1], severe acute respiratory syndrome (SARS) [2],
influenzas [3], and coronavirus disease 2019 (COVID-19) [4] have severely threatened human
life and health. All these pandemics have been found to be related to the airflow patterns in
enclosed environments [5], [6], [7]. If an infected person shares a living space with other
occupants, the virus-containing droplets generated through talking, breathing, coughing, and
sneezing can be transported by the airflow and inhaled by other occupants, resulting in cross-
infection [8], [9]. In modern society, staying indoors at close proximity to other people is very
common in daily life [10], and increases the chance of airborne diseases transmission.
Therefore, correctly predicting contaminant transport in enclosed environments is important
for improving interior layouts to reduce the risk of infection.

To predict contaminant transport in an existing indoor environment, a popular approach is to
first conduct on-site measurements of the boundary conditions, then employ computational
fluid dynamics (CFD) to calculate the airflow distribution, and finally use a contaminant
transport model to make the prediction. For example, Zhang and Chen [11] first measured the
boundary conditions, such as the supply air velocity, temperature and the rate of heat generation
by occupants and equipment, in a ventilated room, and then used the renormalized group (RNG)
k-g& model for airflow simulation and the Eulerian model to calculate the particle transport. Pan
et al. [12] first measured boundary conditions such as supply air velocity in a laboratory
chamber, and then used large eddy simulation (LES) to calculate the airflow and the Lagrangian
model to predict the particle transport and deposition. Zhang et al. [13] first measured the air
velocity from supply air diffusers and the temperatures in the boundary areas in an aircraft
cabin mockup, and then calculated the airflow field using the RNG k—¢ model and the particle
dispersion with the Lagrangian model. These studies have provided great insight into
approaches for predicting contaminant transport in existing indoor environments.

However, the accuracy of the methods above depends strongly on accurate calculation of the
airflow distribution, which is challenging in practical applications. One challenge is the
measurement of boundary conditions in some cases. For example, Zhang et al. [13] observed
that it was not feasible to obtain detailed measurements of the three-dimensional air velocity
distribution at inlets with the use of ultrasonic anemometers due to their large size. Chen et al.
[14] ascribed significant discrepancies between simulation results and experimental data to
inaccurate measurement of boundary conditions. Vidal et al. [15] found it difficult to determine
and quantify boundary conditions in practice as it was extremely time consuming to measure
all variables such as temperature, air velocity, and pressure drop. In addition, the existing
turbulence models are not always accurate, especially for prediction of three-dimensional air
velocity components and turbulence quantities. For example, although the RNG k-¢ model was
found to have the best overall performance in calculating the airflow distribution in indoor
environments [16], Wang and Chen [17] found that the error in the model’s predictions could
reach 30% for air velocity and turbulence kinetic energy in complex airflows such as forced or
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mixed convection.

The above challenges could be overcome through direct measurement of the whole airflow
field, followed by the use of an appropriate model to predict the contaminant transport. For
airflow measurements, a possible approach is particle image velocimetry (PIV), which is
widely used for 2-D airflow measurements, [18], [19], [20]. A recently proposed volumetric
PIV technique is the tomographic PIV system, which employs four or more cameras to measure
the 3-D air velocity distribution [21]. Although 3-D airflow field measurements for a whole
space are still challenging, the rapid development of advanced sensing technologies may
facilitate such measurements in the near future. Therefore, it is worthwhile to explore the
feasibility of predicting contaminant transport from the measured airflow field in an enclosed
environment.

Furthermore, in light of the challenges in airflow field measurements, an appropriate
contaminant transport model that can accommodate relatively low-resolution airflow inputs
should be identified. Currently, the Eulerian and Lagrangian models are the most popular for
prediction of contaminant transport. The Eulerian model solves the contaminant transport
equation, while the Lagrangian model tracks each particle by solving its momentum equation
[22]. Normally, these two models require the detailed airflow field as input to calculate the
contaminant transport [23]. It would be challenging to use the Eulerian and Lagrangian models
with relatively low-resolution or even zonal airflow input. Recently, the Markov chain model
was proposed for the prediction of transient contaminant transport [24]. This model is based
on the transition probabilities between zones instead of solving the contaminant transport
equation. The transition probabilities are determined by the rate of airflow from the current
zone to a neighboring zone. Hence, theoretically, the Markov chain model can accommodate
relatively low-resolution or zonal airflow inputs [25]. Furthermore, the Markov chain model
does not require iterations in each time step, and is thus more computationally efficient than
the Eulerian or Lagrangian model. Therefore, this study hypothesizes that it is feasible to
predict contaminant transport using the Markov chain model based on the measured airflow
field in an enclosed environment.

This study first developed a stand-alone solver for the Markov chain model in MATLAB 2020a
[26] that can use airflow field data as input and calculate the transient contaminant transport.
An advantage of the solver is that it does not rely on any commercial software, which would
facilitate future practical applications. This study applied the stand-alone Markov chain solver
to three cases in which the input of the airflow field was obtained by virtual measurements
based on CFD simulation. The resolution for the sampling of the virtually measured air
velocities was based on the available experimental technique. The feasibility of using the
Markov chain model to predict the contaminant transport from the measured airflow field was
then explored by means of a case study.
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2. Methods
2.1 Markov chain model

This study used the first-order homogenous Markov chain technique, in which the future state
is determined by the current state and the probability that the state will change [27]. The whole
airflow field is divided into n — 1 zones, and the n*"® zone is defined as the space where the
contaminants exhaust. The contaminant quantity (mass or number) at a certain state (denoted
N, ) is stored in the following vector:

Ni = (Nia Ny - Nk,n) (1)

where N, ; is the quantity of contaminant in zone i at state k. Note that it is assumed that in
one time step, the contaminant in a certain zone can only enter the neighboring zones. Therefore,
after one time step, for state k + 1, the contaminant number in zone i can be calculated by:

Niy1,i = Ny pii + Z Ny nb " Pnbi (2)
nb

where the subscript nb represents the neighboring zones to zone i. Here p;; and p,,; are
the transition probabilities. In this work, p;; is the probability that the contaminant stays in
the current zone, and p; ; represents the transport probability that the contaminant will move
from zone i to zone j. At state k, the contaminant concentration in zone i (Cj ;) can be
computed by:

Ck,i = A (3)

where V; is the volume of zone i. The p;; can be computed in accordance with the mass
balance equation [28]:

Dii = exp <— E Q;}nb At) (4)
i
nb

where Q;,, represents the rate of airflow from zone i to the neighboring zone. Assuming
that zone j is one of the neighboring zones to zone i, the p;; can then be calculated by [28]:
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bij =< -~

B an Qi,nb (1 B pi'i) (5)

Note that within a time step (At), the maximum distance (S,,4,) by which the contaminant can
move is the distance between the center of zone i and the furthest boundary of zone j.
Assuming that the air velocity (v) from zone i to zone j is v;;, the maximum time step

(At q2) can then be estimated by:

Smax
Atmax = U_ (6)
LJ

The time step used in this study was smaller than the At,,,,, in order to comply with the
requirements of the first-order homogenous Markov chain model.

A mathematical solver was constructed in MATLAB 2020a [26] to execute the Markov chain
model. Note that the solver developed in this study is stand-alone and does not rely on any
commercial software, thus facilitating future practical applications. The input was the measured
airflow field data, and the output was the transient contaminant concentration distributions,
since the Markov chain model is based on the airflow and contaminant transport between zones.
The rate of airflow from zone i to the neighboring zone j, Q; j, consists of the mean airflow

rate (Qmeqn,;,j) and the turbulent fluctuating airflow rate (Qfiyctuating,i,j):

Qi,j = Qmean,i,j + Qfluctuating,i,j (7)

Fig. 1 depicts the relationship between the airflow measurements and the Qpegn;; and
Qftuctuating,i,j in the Markov chain model. The three-dimensional air velocity components

(u, v, w) and the turbulence kinetic energy (k) are measured at the center of each zone. The
mean airflow rate from the current zone i to the neighboring zone j, Qmean,,j» is calculated

by:

o _mty ®
mean,i,j — 2 ij

where v; and v; are the measured mean air velocity in the y direction in zones i and j,
respectively, and 4;; is the area of the connecting face between zones i and j. The turbulent
fluctuating airflow rate from the current zone i to the neighboring zone j, Qfuctuating,i,j»

can be calculated from the measured turbulence kinetic energy in zone i (k;):
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Qfluctuating,i,j =y j/ Zki/3 ’ Aif (9)

where the coefficient «;; is used to characterize the influence of the distance between the two

adjacent zones and the time step on the turbulent dispersion of contaminants, which can be
calculated by [24]:

ai,j =2 (10)

(ASL]/At>
_¢ 2t
J2k./3

where As;; is the distance from the centroid of zone i to that of zone j, ¢() is the
cumulative distribution function of a standard normal distribution:

1

60 =5(1+erf ()

7 (11)

where erf () is the error function.

v FY;
Qmean,i,j = —2_ “Ayj
(uy viy wy) (uj'?j’wj)
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ok -}(;' ]
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Fig. 1. Relationship between the airflow measurements and the airflow rates Qpeqn,; and

Qftuctuating,i,j in the Markov chain model.

2.2 Measured airflow field

2.2.1 Possible measuring technique
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Various techniques can be employed to measure the airflow field in an enclosed environment.
For example, ultrasonic anemometers can be used for three-dimensional air velocity
measurements. However, the size of an ultrasonic anemometer is around 0.15 m, and it may be
too bulky to obtain the airflow distribution with a very high resolution. Nevertheless, since the
Markov chain model can accommodate relatively low-resolution or zonal airflow inputs, the
airflow field data with a resolution of 0.15 m obtained by ultrasonic anemometers may be
sufficient as the input for the Markov chain model. Another potential issue is the time needed
to conduct the measurements for the whole space. The traditional manual operation is not
practical. However, with the rapid development of robotic technologies, automated
measurements with ultrasonic anemometers, like using cable-driven robots with routing design
[29] or robotic arms equipped with probes [30] will significantly reduce the time cost and
enable whole-space measurements in the near future.

A number of other techniques can be potentially used for whole-space airflow measurements
in a rapid and non-invasive manner. For example, particle image velocimetry can be employed
to characterize the airflow in an enclosed environment. The most frequently used PIV system
can only measure the two-dimensional airflow field [20], which is insufficient as the input for
the Markov chain model. To obtain the three-dimensional airflow field, volumetric PIV systems
such as the tomographic PIV system can be used. However, since volumetric PIV systems
require four or more cameras [21], they are expensive and complicated, and therefore may not
be suitable for practical applications. Light detection and ranging (LIDAR) is another potential
technique for whole-space airflow measurements in the future. LIDAR is a remote sensing
technology that has been widely used in atmospheric physics to measure parameters such as
temperature, pressure, humidity, and wind, and to detect substances such as trace gases, clouds,
and aerosols [31]. In the future, if volumetric PIV systems have advanced to affordable and
portable instruments or if the LIDAR technique is further developed for indoor applications,
the proposed method for predicting contaminant transport from the measured airflow field
would become easier and more practical.

2.2.2 Virtually measured airflow field

Currently, the feasibility of predicting contaminant transport from the measured airflow fields
with relatively low resolution is unclear. To preliminarily explore this hypothesis, this study
conducted computer experiments based on CFD simulations by commercial software code
ANSYS Fluent [32]. Namely, the high-resolution airflow field calculated by CFD with fine
grids was treated as the “true” airflow. To mimic whole-space airflow measurements using
ultrasonic anemometers, the airflow data, including the three-dimensional air velocity
components and turbulence kinetic energy, were sampled virtually on the basis of a 0.15-m
resolution. The virtually measured airflow data were then used as input for the Markov chain
model to predict contaminant transport in the space using the MATLAB stand-alone solver
developed in this study. The RNG k-& model was used to calculate the airflow and turbulence,
as recommended for enclosed environments [16]. The equations for the model can be found in
the ANSYS Fluent manual [33].
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2.3 Grid strategy for Markov chain calculation

The grid used for Markov chain calculation in this study was hexahedral, and it was determined
from both the airflow sampling points and the geometric properties of the boundary zones. The
grid was constructed with the air sampling points taken as the centroid of each cell. The airflow
field inside each cell was assumed to be uniform, and the airflow properties on a cell face were
determined by its two connecting cells. However, the size of the boundary zones might be
smaller than that of the constructed corresponding cells. For accurate set-up of the boundary
conditions, the cells required further refinement. An example of the grid refinement strategy is
provided in Fig. 2. Here, Fig. 2(a) shows a cell constructed according to the airflow sampling
point with a sampling resolution of 0.15 m; thus, the cell size is 0.15 m x 0.15 m % 0.15 m. The
size of the contaminant source is smaller than the cell size. Fig. 2(b) shows the refined cell
based on the size of the contaminant source, and the division of the original cell into 18 cells.
The airflow data in the 18 cells were set the same as that of the original cell. With this effort,
the grid can truly reflect the sizes of the boundaries and improve the performance of the model.

Airflow sampling point

/

Contaminant source

N\

0.15m

0.15m

o
v

(a)
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Fig. 2. Example of grid refinement for Markov chain calculation: (a) a cell constructed
according to the airflow sampling point with a sampling resolution of 0.15 m, and (b) the
refined cell based on the size of the contaminant source.

3. Benchmark for contaminant transport

Ideally, the benchmark for evaluating the stand-alone Markov chain solver should be obtained
by means of high-quality airflow and contaminant transport measurements. For preliminary
analysis, this study conducted computer experiments as a proof of concept. Calculated
contaminant transport results based on CFD simulations were used as the benchmark. The CFD
simulation in this study employed the Fluent-based Markov chain solver developed by Chen et
al. [24] for calculating contaminant transport. To ensure that the benchmark results were
reasonably accurate, the CFD program was validated by experimental data from Zhang et al.
[34]. Fig. 3 shows the chamber used by Zhang et al. [34], of which the dimensions were 4 m
(L) x 2.1 m (W) x 2.4 m (H). A supply air inlet was installed on one of the side walls at a
distance of 0.3 m from the ceiling. The outlet was installed on the opposite side wall, at a height
0f 0.3 m above the floor. Both the inlet and outlet had dimensions of 0.3 m x 0.3 m. The average
velocity of the supply air was 0.84 m/s; the supply air angle was 10° downward; and the
turbulence intensity was 20%. Particles with diameter of 1 um were injected into the chamber
through the inlet. The transient particle concentrations were measured by Zhang et al. [34] at
two positions as shown in Fig. 3, and were used for model validation.
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Fig. 3. Schematic of the chamber for the particle transport experiment by Zhang et al. [34].

The airflow field was obtained with the use of the RNG k-¢ model. A grid independence test
was conducted, and the grid resolution of 32,480 was found to be sufficiently fine. The time
step size for calculating the transient transport was set at 0.01 s. Fig. 4 compares the transient
particle concentrations obtained by the CFD simulations and the experimental data. In general,
the calculated results from the CFD simulations captured the peaks of the contaminant transport.
Although there were some discrepancies between the calculated results and the experimental
data, the calculated results from the CFD simulations in this study were close to those
calculated by Zhang et al. [34]. Note that in Fig. 4 (b), the results simulated by Zhang et al. [34]
was smoother than the calculated results in this study. The reason is the time step was set at
0.01 s in this study, while that used by Zhang et al. [34] was 1 s. Therefore, the CFD models in
this study predicted the trend of transient contaminant transport reasonably well, and could be
used as the benchmark for comparison.
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Fig. 4. Comparison of transient particle concentrations calculated by the CFD-Markov chain
model based on commercial CFD software and the experimental data at the two measuring
locations: (a) height = 1.8 m and (b) height = 0.9 m.

4. Case study

In this study, three cases were used to explore the feasibility of predicting contaminant transport
from the measured airflow field. The three cases focused on the transient contaminant transport
in ventilated chambers under isothermal conditions, with one heat source, and with two
occupants seated face to face, respectively. For all the cases, the benchmark results were the
transient contaminant transport calculated by the validated Fluent-based Markov chain solver
with a high-resolution grid. Based on the “true” airflow field calculated by CFD, the three-
dimensional air velocity components and turbulence kinetic energy with a 0.15-m resolution
(the highest resolution that can be achieved when using ultrasonic anemometers) were virtually
sampled. With the virtually measured airflow data as input, the MATLAB stand-alone Markov
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chain solver developed in this study was used to calculate the contaminant transport. The results
were normalized by the maximum concentrations at the initial state:

Ck

Cp=—%—
CO (max)

(12)

where €, and Cj respectively represent the calculated and normalized concentrations at state
k,and Copnay) is the maximum concentration at the initial state. The normalized results were
then compared with the benchmark to assess the feasibility of predicting contaminant transport
from the measured airflow field.

4.1 Case 1: Contaminant transport in an isothermal ventilated chamber

The configuration of the chamber in Case 1 is shown in Fig. 3. The thermo-fluid boundary
conditions were the same as those in the validation case. The benchmark CFD calculation was
based on a total grid number of 32,480. Fig. 5 shows the distribution of the airflow sampling
points based on a 0.15 m resolution. Note that due to geometric constraints, some of the
sampling points close to the walls may not be exactly at the interval of 0.15 m. In total, the
airflow measurements were conducted at 5,265 points. The Markov chain grid was constructed
on the basis of the airflow sampling points and the geometric characteristics of boundary zones,
as described in Section 2.2.3. The final Markov chain grid number was 7,695. The
contaminants were injected into the chamber through the supply air inlet for 0.1 s. The time
step size was set at 0.1 s.
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Fig. 5. Distribution of the airflow sampling points with a resolution of 0.15 m for Case 1.

Fig. 6 depicts the transient contaminant transport in the first 10 s at the cross-section of the
central z-plane. The general trend of the contaminant transport calculated using the stand-alone
Markov chain solver based on the measured airflow field was in good agreement with the
benchmark. Furthermore, the location and time at which the maximum contaminant
concentration occurred were also correctly predicted. Therefore, the computer experiment for
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Case 1 partially demonstrated the feasibility of using the stand-alone Markov chain solver to
predict contaminant transport from the three-dimensional air velocity components and
turbulence kinetic energy in the whole chamber measured by ultrasonic anemometers.
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Fig. 6. Comparison of the contaminant transport between the benchmark and the results
calculated from the measured airflow field at a 0.15-m resolution using the stand-alone Markov
chain solver for Case 1.

4.2 Case 2: Contaminant transport in a ventilated chamber with a heat source

A schematic of the ventilated chamber for Case 2 [35] is shown in Fig. 7. The dimensions of
the chamber were 2.6 m, 1.3 m and 1.8 m in length, width and height, respectively. Four 2.5-
cm wide slots were installed at the edges of the floor to supply cool air at 20 °C with a velocity
of 0.08 m/s and turbulence intensity of 10%. Two outlets with dimensions of 0.2 m X 0.2 m
were located on the ceiling. Meanwhile, a 0.2 m (L) x 0.2 m (W) x 0.22 m (H) heat source at
the center of the floor had a heat generation rate of 65 W. The contaminant source was located
above the heat source, and it was set as a pulse source within the duration of 0.2 s. A grid
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resolution of 53,740 was used for the airflow calculation in accordance with a grid
independence test. Fig. 8 shows the distribution of the airflow measuring points based on a
resolution of 0.15 m. There was a total of 1,155 points for the airflow measurements. The
Markov chain grid was then constructed on the basis of the airflow sampling points and the
sizes of boundary zones, and the total grid number was 1,683. The time step size for
contaminant transport calculation was set at 0.2 s for Case 2.

|x=0.65m

Particle injection

1.8 m

=

Fig. 7. Schematic of the chamber for Case 2 studied by Bolster and Linden [35].
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Fig. 8. Distribution of the airflow sampling points with a resolution of 0.15 m for Case 2.

Fig. 9 compares the contaminant transport in the first 5 s at the cross section of the central x-
plane from the benchmark and the stand-alone Markov chain solver. The comparison shows
that the stand-alone Markov chain solver based on the measured airflow field provided a
reasonably good prediction of the upward transport of the contaminants, which was mainly
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driven by the thermal plume generated by the heat source. However, in the first 3 s, the
maximum contaminant concentration calculated from the stand-alone Markov chain solver was
lower than that of the benchmark. From the benchmark, the contaminant concentration
gradients in the z direction were obvious in the first 3 s. However, the gradients were not
reflected due to the relatively large airflow sampling cell with a 0.15 m resolution. Therefore,
if the objective is to obtain the general trend of contaminant transport, the stand-alone Markov
chain solver based on the measured airflow field can be used. However, if the detailed
concentration gradients need to be captured, the proposed method may not be appropriate.
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Fig. 9. Comparison of the contaminant transport between the benchmark and the results
calculated from the measured airflow field at a 0.15-m resolution using the stand-alone Markov
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4.3 Case 3: Person-to-person contaminant transport in a ventilated chamber

The configuration of the ventilated chamber with two occupants seated face to face [36] is
shown in Fig. 10. The dimensions of the chamber were 3 m (L) x 3 m (W) x 2.3 m (H). The
distance between the occupants was approximately 1 m. The contaminants were released in the
breathing zone of one occupant, which was assumed to be a single pulse source within the
duration of 0.2 s. It was assumed that the mouth and nose of the occupant were covered with a
tissue, and the initial momentum of the exhaled contaminant was neglected [36]. The supply
air inlet was installed on the side wall near the ceiling, and the outlet was installed on the same
wall but near the floor. The air exchange rate was 3 ACH, and the supply air temperature was
21 °C. The surface temperature of the human bodies was 32 °C. The airflow was calculated by
CFD with a grid resolution of 1,415,560, which passed the grid independence test. The
distribution of the airflow measuring points based on a resolution of 0.15 m is shown in Fig.
11. Note that at the locations near boundaries such as walls and occupants, the airflow sampling
cells were larger due to the limitation of geometric structure. In total, there were 3,952 airflow
sampling points. The Markov chain grid was then constructed with a grid number of 5,712
based on the airflow sampling points and sizes of boundary zones. The calculated contaminant
concentrations were normalized by the maximum concentration at the source. The time step
size was set at 0.2 s for Case 3.

Inlet

~a “~_| Particle source

” T Outlet

Fig. 10. Configuration of the chamber with two occupants for Case 3 studied by Chen et al.
[36].
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Fig. 11. Distribution of the airflow sampling points with a 0.15 m resolution for Case 3.

The results for transient contaminant transport in the first 10 s at the cross-section of plane x =
1.55 m are shown in Fig. 12. The stand-alone Markov chain solver based on the measured
airflow field predicted the general trend of contaminant transport reasonably well when
compared with the benchmark. However, the solver calculated more disperse concentration
patterns than did the benchmark. This was because the use of coarse airflow sampling grids led
to failure in predicting the high-gradient concentration regions. Therefore, as in Case 2, if the
aim is to obtain the general contaminant transport trend, the stand-alone Markov chain solver
based on measured airflow field can be used effectively. However, if capturing the detailed
concentration gradients is crucial, the proposed method will not be feasible.
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Fig. 12. Comparison of the contaminant transport between the benchmark and the results
calculated from the measured airflow field at a 0.15-m resolution using the stand-alone Markov
chain solver for Case 3.

5. Discussion

In practical applications, such as hospital wards [6], aircraft cabins [37], and restaurants [38],
where many cross-infections have occurred, it may be challenging to measure the complex
thermo-fluid boundary conditions. Furthermore, the existing turbulence model may be yield
accurate airflow distribution in those complex environments. Consequently, the existing
approach of using commercial CFD software to predict contaminant transport may not be
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effective. Therefore, this study aimed to preliminarily explore the feasibility of predicting the
contaminant transport using a stand-alone Markov chain solver based on the measured airflow
field in an enclosed environment. Note that the source location and strength need to be provided
in the calculations. According to the computer experiments presented in this study, if the
airflow is simple, such as in the isothermal Case 1, the stand-alone Markov chain solver based
on the measured airflow field can predict the trend of contaminant transport and peak
concentrations reasonably well. However, if the airflow is complex, such as in the non-
isothermal Cases 2 and 3, the stand-alone Markov chain solver based on the measured airflow
field can reasonably predict only the general trend of contaminant transport. Besides, the
developed Markov chain solver in this study aims for the contaminant transport in a steady
airflow field. For transient airflow fields, for example, considering natural ventilation, moving
occupants, and door and window behaviors, the solver cannot be directly implemented. It
should be noted that the capability of the proposed method depends strongly on the resolution
of the airflow measurements. This study used a resolution of 0.15 m that was based on the size
of the ultrasonic anemometer. In the future, if non-invasive airflow measuring techniques such
as volumetric PIV [21] and LIDAR [31] systems have advanced to an affordable and portable
level, the applicability of the stand-alone Markov chain solver based on the measured airflow
field will be extended. Furthermore, it would be worthwhile to conduct field measurements of
whole-space airflow to further demonstrate the feasibility of the proposed approach. Currently,
the challenges are the time and effort needed for manual operation of the measurements if
ultrasonic anemometers are used. A cable robot-based automated measuring system is under
development, which would facilitate on-site measurements in the future.

6. Conclusions

This study explored the feasibility of using a Markov chain model to predict contaminant
transport from the measured airflow field in an indoor environment. A stand-alone Markov
chain solver was developed so that the calculations need not rely on commercial software. The
required airflow information, including the three-dimensional velocity components and
turbulence kinetic energy, was obtained on the basis of the resolution of ultrasonic
anemometers (0.15 m), via virtual airflow measurements simulated by CFD. Three cases were
used to investigate the feasibility of the proposed method, and the calculation results were
compared with the benchmark calculated by the commercial CFD software. The following
conclusions can be drawn:

(1) When the airflow is simple, such as in the isothermal Case 1, the stand-alone Markov
chain solver based on the measured airflow field can predict the trend of contaminant
transport and peak concentrations reasonably well.

(2) When the airflow is complex, such as in the non-isothermal Cases 2 and 3, the stand-
alone Markov chain solver based on the measured airflow field can reasonably predict
only the general trend of contaminant transport.
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