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Abstract

Ventilation of shared indoor spaces is crucial for mitigating air-borne infection spread among its occupants. Replacing the
air in a room with fresh air is key to minimize the concentration of potentially infectious aerosol generated in the room.
Recirculating air flow present at corners and around obstacles can trap air and infectious aerosol. This can significantly
delay their evacuation by the ventilation system. Knowing the location and extent of such recirculation zones is, therefore,
important. In this work, we present flow visualization experiments to identify recirculation zones in an enclosed space. It
is based on the deflection of the smoke streak generated by an incense stick. We use particle image velocimetry (PIV) post-
processing to quantify the deflection of the smoke streak and use it as an indicator of the direction of local air flow. Positive
deflection, defined as the deflection towards the exit location, is associated with primary flow present in well-ventilated
regions of the room. On the other hand, negative deflection indicates reversed flow in recirculation zones, where the smoke
streak is defined away from the exit location. The technique is applied to a public shared washroom, where the toilet seat is
found to be in a well-ventilated region, while the washbasin is in a large recirculation zone. We compare the experimental
point measurements with flow field solution obtained using computational fluid dynamics (CFD). We also explore geometry

modifications as a strategy to eliminate the recirculation zone over the washbasin.

keywords Ventilation - Infectious aerosol - Flow visualization - Intervention study - Computational fluid dynamics

Introduction

Air-borne transmission of infectious diseases like, COVID-
19, pose a major health risk for billions of people across the
world. Bio-aerosol generated from an infected person, while
breathing, talking, coughing or sneezing can be convected
by air flow. This can infect other people in the vicinity, who
are exposed to the infectious aerosol for a period of time.
Face masks and physical distancing are, therefore, recom-
mended to reduce infection spread. The risk of infection is
particularly high in closed spaces, where the aerosol can be
trapped in the air inside a room for a long duration, poten-
tially infecting a large number of people. It is, therefore,
necessary to have adequate ventilation of shared spaces, like
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classroom, offices, restaurants and public transport, to name
a few.

Ventilation of closed spaces is usually prescribed in terms
of the number of air changes per hour (ACH) (Bhagat et al.
2020). This is based on the volume flux of fresh air entering
the room and the volume of the room. It is an estimate of
the average age of air in the room, and is based on the fully
mixed reactor model (Bazant and Bush 2021). It assumes
that the infectious aerosol is uniformly distributed in the
air contained in the room, and that the air in every part of
the room is replaced at the same rate. This estimate can be
grossly inadequate, as shown in a recent study (Sinha et al.
2021).

The rate at which air is replaced in a room depends on
the air circulation pattern set up between the inlet and outlet
ventilation ports (Bhagat et al. 2020). These ports could be
part of the air-conditioning system, open doors or windows
and exhaust fans. The placement of air purifiers and similar
devices are also found to alter the air flow pattern in a room
(He et al. 2021). Of particular interest are the recirculation
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zones formed at the corners of the room and around obsta-
cles like furniture (Narayanan and Yang 2021). The air in
such recirculation zones remain trapped for a longer dura-
tion than the average residence time given by the volumetric
ACH estimate (Sinha et al. 2021). This could lead to higher
exposure of person seated in recirculation zones to the infec-
tious particles floating in the air. Knowing the air circulation
pattern in a room and identifying the recirculating regions
are, therefore, important to mitigate the risk of air-borne
infection in indoor spaces.

Computational fluid dynamics (CFD) is routinely used
to study air flow patterns, identify recirculation zones and
devise strategies to improve ventilation of indoor spaces
(Wang et al. 2014, 2021; Komperda et al. 2021). How-
ever, computer models often come with simplifications of
the geometric complexities and assumptions in boundary
conditions. These approximations are usually acceptable
for proof-of-concept studies or to investigate the underly-
ing flow phenomena. However, experimental validation is
essential to substantiate CFD solution. This could be in the
form of measuring air flow velocity (Li et al. 2021; Yin et al.
2011), flow visualization (Verma et al. 2020), droplet/con-
taminant distribution (Yin et al. 2011; Zhang et al. 2021)
and CO, concentration (Bolashikov et al. 2012; Singer et al.
2021). The majority of such measurements are done in sub-
scale laboratory experiments (Eames et al. 2009) or in a
mock up (Li et al. 2021); a few exceptions are available in
literature (Zhang et al. 2021). However, due to the urgent
need to implement retrofit solutions to mitigate infection
spread, it is imperative that the designs are tested and veri-
fied in a real situation. Field experiments that can be done
in a time and cost effective manner are especially important.

In this paper, we present a smoke-based flow visualiza-
tion technique to identify recirculation regions in a room,
and distinguish them from the well-ventilated part of the
room. Flow visualization is routinely used in laboratory
experiments, where smoke is used to visualize streak lines
in a flow (Yang 2001). Smoke visualization has also been
used in field studies, where a puff of smoke is injected at
a point of interest and its trajectory is tracked in real time;
see, for example, the study in a nuclear facility (Strons et al.
2016). In another example from a health care facility, smoke
is used as a surrogate to aerosol breathed out by a patient to
ascertain the effectiveness of the air flow vents in the room
(Cho et al. 2019). Smoke visualization using laser sheet is
also used in ventilation studies to assess the overall air flow
pattern in a room (Hviid and Petersen 2016).

We use smoke from incense stick as a point measurement
of the direction of the local air flow velocity. It is based on
the deflection of a smoke streak in the direction of the air
velocity. Air flow towards an exit port is considered favora-
ble for evacuating infectious aerosol, and is termed as pri-
mary flow in well-ventilated parts of the room. On the other
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hand, air flow in a direction away from the exit location indi-
cates reversed flow, usually present in recirculation zones.
We present a quantitative analysis of the smoke visualization
images using particle image velocimetry (PIV) post-process-
ing and arrive at time-averaged deflection angle of the smoke
streak. Deflections towards the exit port are taken as positive
and vice versa. Thus, differentiating between locations that
have positive and negative deflection of the smoke streak
allows us to experimentally identify the recirculation zones
in the room. This is the primary objective of the current
work.

The experiments are complemented with CFD simulation
of air flow in an identical configuration. Both qualitative
and quantitative comparison are made, where the direc-
tion of the computed velocity vector is compared with the
smoke deflection angle. It is shown that the experimental
values are comparable to the CFD predictions for the con-
figuration tested in this work. We note that incense sticks
are widely available in India and neighboring countries, and
incense smoke is often used for a quick assessment of air
flow. However, to the best of our knowledge, there is no
systematic study of this technique, especially with in situ
CFD simulations.

The smoke deflection technique can also be used to evalu-
ate potential retrofit solutions to improve ventilation in a
room. In the current context, we explore ways to eliminate
recirculation zones by directing incoming fresh air into such
regions. Here again, we use the incense smoke experiments
to evaluate the effectiveness of such retrofit measures. It
is shown that reorienting existing doors and windows, or
diverting air using louvers can be an effective way to elimi-
nate or alter the recirculation zones in a room.

The paper is organized as follows. The geometry of the
indoor space considered in this work and representative
air flow pattern are presented in the next section. This is
used to identify potential recirculation regions in the room.
Next, we describe the experimental methodology, along
with the procedure to post-process the smoke visualization
videos. This is followed by experimental results obtained
at frequently used locations in the room. CFD solution is
presented next, along with a detailed analysis of the three-
dimensional velocity field, followed by comparison with the
experimental data. Discussion of the results and pointers to
future work are in the penultimate section. Conclusions are
presented in the final section.

Geometry and Airflow Pattern

We consider a typical single-person washroom geometry,
as shown in Fig. 1; it has a washbasin next to the door and
a toilet seat located in the center of the washroom. Such
washrooms are used by multiple people, one after another,



Transactions of the Indian National Academy of Engineering (2022) 7:911-926

913

152

Exhaust fan

025 |
1.63 06

3.05

Toilet seat

Door

—f= f o0
0-15_ | x| Washﬂasin
Location W

Location'C : 0.71

025

Door

0.61

(b)

Fig.1 A typical shared washroom with a door, an exhaust fan, a toilet
seat and a washbasin. a Isometric view and b top view. All dimen-
sions are in meters, and two frequently used locations (washbasin and
toilet seat) are identified by ® for conducting smoke deflection exper-
iment. Adapted from Sinha et al. (2021)

and can be commonly found in offices, restaurants and air-
ports. To minimize air-borne infection in this shared space,
it is recommended that the air in the washroom is refreshed
after every use. This is commonly achieved by an exhaust
fan that vents the air out of the washroom. The washroom
door is kept open between two consecutive usages, and
it acts as an inlet for fresh air. The washroom door opens
inside. The washroom also has windows with louvers open-
ing into a common duct; the louvers are closed and there is
negligible air leaking through them. The volume flow rate
of a typical exhaust fan is 270 m?3/h, or 158.8 cubic feet per
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Fig.2 The computed flow pattern in a horizontal plane at y = 1 m
showing regions of primary flow and recirculation zones marked
by rectangular boxes: a velocity vectors b flow residence time (s).
Adapted from Sinha et al. (2021)

minute (CFM), and it translates to an axial velocity of 1.5
m/s for a fan diameter of 0.25 m (assuming uniform axial
flow through the fan).

CFD simulations of this geometry are presented in a
recent work (Sinha et al. 2021), and a snapshot of the
results are shown in Fig. 2. Velocity vector field in the
horizontal plane at y = 1 m is used to visualize the air
flow pattern. A primary flow is set up between door entry
at the right and fan exit location on the left. There is recir-
culating flow at corners and around obstacles, and they are
identified by rectangular boxes. A large recirculation zone
is present next to the door over the washbasin (red box in
the figure). This is of primary concern as the washbasin is
a frequently used location in the washroom. Heavy usage
of water in the washbasin can also be a source of droplets
and aerosol. The larger droplets tend to settle on surfaces,
which can then be sanitized by spray disinfection. On the
other hand, small droplets and aerosol can persist in the
air trapped in the recirculating flow, potentially exposing
subsequent users of the same space (Sinha et al. 2021).

ey
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The details of the CFD simulations are presented in
the previous work (Sinha et al. 2021). In short, the Reyn-
olds-averaged Navier—Stokes equations are solved for the
air flow in the washroom to obtain the three-dimensional
steady-state solution. Turbulence is modeled using realiz-
able k — € model (Shih et al. 1995) with enhanced wall
treatment. The simulations are performed using ANSYS
Fluent software (ANSYS 2020) and the details of the
computational grid and boundary conditions, along with
additional plots of the velocity field are given in the origi-
nal paper (Sinha et al. 2021). Only relevant results are
discussed to motivate the experimental work, and decide
the locations for conducting smoke visualization studies.

An important aspect of ventilation is the residence time
of air at a given point in the room. It is plotted in Fig. 2b,
and the procedure to compute it is described in our earlier
paper (Sinha et al. 2021). The residence time is an esti-
mate of how long it takes for fresh air entering the room
to reach a particular location. Low residence time is rep-
resentative of well-ventilated parts of the washroom. This
corresponds to the primary flow region between the door
and the exhaust fan, where the residence time is equal to
or less than 50 s. The primary flow covers a part of the
toilet seat, which can be a major source of droplets and
aerosol (Li et al. 2020; Wang et al. 2020) The primary
flow time scale (=~ 50 s) is calculated based on the length
of the washroom, i.e. 2.74 m and the velocity (5.8 cm/s)
calculated at the door (area 1.3 m?) using volume flow rate
in the domain 270 m>/h (driven by the exhaust fan). On the
other hand, high values of residence time is obtained in the
recirculation regions covering the majority of the upper
half in the figure. This consists of the washbasin recircu-
lation zone and the small recirculation region next to the
toilet seat (blue box in Fig. 2a). The fluid residence time
varies between 200 and 800 s in this area, and an average
value of 500 s is taken as a representative fluid time scale
for the recirculation zone.

The significance of the fluid residence time can be under-
stood by studying the ventilation of droplets and infectious
particles from the washroom. Discrete particle tracking
simulations (Sinha et al. 2021) show that particles injected
in the recirculation region take much longer to evacuate than
those injected in the primary flow, for example, at the toilet
seat. The fraction of particles remaining in the washroom
follows an exponential decay in time, with the characteristic
time scale given by the air residence time corresponding to
the injection location. Thus, the time scale of ventilation
is about ten times higher for the washbasin (recirculation
zone time scale of 500 s) than the toilet seat (primary flow
residence time of 50 s). It takes about 800 s to evacuate
77% of the particles injected at the washbasin recirculation
zone, compared to 100 s for those generated at the toilet seat
(Sinha et al. 2021). This gives an estimate of the duration
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for which the washroom may be left open between two con-
secutive usages.

Experimental Setup

The experimental setup for flow visualization using incense
smoke is shown in Fig. 3, where typical dimensions are
marked. An incense stick is placed at a point of interest, and
the smoke emanating from its tip is recorded by a camera
(a cell phone camera, in this case). [llumination is provided
by a light source, and a dark background is used for better
contrast in the images and videos. The tip of an incense
stick is 2.5 mm thick and it is typically 5-9 inches long; it
poses minimal obstruction to the air flow. We also ensure
that the placement of the camera, light source and the dark
background sheet does not obstruct or alter the air flow in
any way. They are aligned in a direction perpendicular to
the local air flow, and the incense stick is placed in between
them. We maintain enough gap around the incense stick
(typical dimensions mentioned in the figure) for the air flow.
Further, it was found that small changes in the location of
the camera and the light source did not have any significant
effect on the smoke streak deflection.

The smoke from an incense stick in stagnant air rises
vertically up due to buoyancy. In the presence of horizon-
tal air flow, the smoke streak is deflected in the direction
of the local air velocity. We define the direction towards

. Dark
Light background
source
Incénse

] shick
\\ [~ L/ \\ﬁ ;
R} -
[ 2 " ir
Camera ol | ™~ A 10 flow

(mobile) e T

Tripod
30"

Fig.3 Schematic of the experimental set up for flow visualization
using smoke generated by an incense stick. Typical dimensions of the
experimental equipment are shown for reference
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the exit location as positive deflection. This is expected to
be the case in well-ventilated (primary flow) regions of the
room, where the air from such locations directly goes out
through the exhaust fan. By comparison, reversed flow in the
direction opposite to the exit location is taken to be nega-
tive deflection, and is an indicator of recirculating flow. The
camera is aligned perpendicular to the local flow direction,
such that it captures the horizontal drift of the smoke streak
accurately, while minimizing cross-flow effect. We were able
to optimize the placement of the camera with some trial and
error to ensure good imaging.

Two frequently used locations are considered in the wash-
room, namely, the washbasin next to the door and the toilet
seat at the center of the washroom. A user is expected to
spend considerable time at these locations, and thus can
potentially be exposed to infectious aerosol present in there.
As noted earlier, CFD predicts a large recirculation zone
over the washbasin, while the majority of the toilet seat is
in the primary flow. We measure the air flow direction at
the two locations, marked as C and W in Fig. 1, using the
smoke deflection technique and cross-check with the CFD
results. We also do a quantitative comparison of the deflec-
tion angle obtained from flow visualization with that from
CFD simulation.

The smoke streak from an incense stick is inherently
unsteady. It is also influenced by the unsteady and turbu-
lent fluctuations in the air flow. We use the following proce-
dure to obtain an estimate of the direction of the local mean
velocity of air. First, the flow visualization is recorded at 30
frames per second for about 30 s, giving up to 900 instan-
taneous images from each experiment. The flow images are
analyzed using particle image velocimetry toolbox in Matlab
software (MathWorks Inc. 2021). Consecutive images are
compared to obtain velocity vectors at points that are uni-
formly distributed in the field of view. We time-average the
instantaneous velocity field, and obtain the deflection angle
of the velocity vectors with respect to the vertical direction.
The data are in the form of a spatial distribution of the time-
averaged deflection angle over an array of points spanning
the experimental field of view. The probability distribution
function of the deflection angle is then computed, which
yields the mean deflection angle and its variance over the
experimental window.

We use the 12 MP rear camera of iPhone 7 cell phone,
with 4K (2160 pixel) video up to 30 fps. A commonly avail-
able cell phone flashlight (iPhone 7 Quad-LED True Tone
Flash light in this case) is used as the light source for the
experiment, to make it easy to implement anywhere, even
without specialized PIV equipment. The smoke visualization
is recorded over a rectangular window of 5-13 cm each side;
the exact size is reported for each experiment in “Results”.
The mean deflection angle over this field is representative
of the mean air flow velocity spatially averaged over this

region. The field of view is small compared to the over-
all size of the room shown in Fig. 1. The mean deflection
angle can thus be taken as a local measurement of the airflow
direction at a given point. We also present a convergence
study by plotting the sensitivity of the mean and variance
values to the number of images used in the PIV analysis.

The location of the tip of the incense stick is mentioned in
Table 1, where the uncertainty in the values are also listed.
The uncertainty in the x and z coordinates are based on the
size of the base support of the incense stick. The vertical
height variation is estimated by the length of the incense
stick, which varied between 5 and 9 inches between different
experimental runs.

Results

The flow visualization experiments and the PIV processed
data are presented for the two frequently used locations in
the washroom, namely, the toilet seat and the washbasin.
Both the open door and the partially closed door configura-
tions are considered.

Primary Flow

The first experiment was conducted by placing the incense
stick on top of the toilet seat at the center of the washroom,
marked as location C in Fig. 1b. The point is in primary
flow, and is expected to be well ventilated by the exhaust
fan. Figure 4a shows an instantaneous image of the smoke
streak from the incense stick. The smoke is illuminated by
a light source which is focused on the tip of the incense
stick. The range of illumination, along with the field of view
of the camera, determines the length of the smoke streak
visible in the experiment. Too large field of view usually
results in reduced contrast between the smoke streak and
the background illumination. On the other hand, if we use
too small window, the smoke streak may oscillate and go out
of the field of view for part of the experiment. The full 30 s
video is available in multimedia view, where we can see the
unsteady oscillations of the smoke streak. These are caused
by a combination of air turbulence and inherent instability of
smoke streaks. The smoke visualization videos are recorded
after the initial transient (20-30 s) has passed. Several runs

Table 1 Location of the tip of the incense stick in the flow visualiza-
tion experiments

Coordinates Location C Location W
x (in m) 1.38 +0.03 0.35 +0.03
y (in m) 0.61 + 0.05 1.12 + 0.05
z (in m) 0.92 +0.03 1.27 + 0.03
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Fig.4 Smoke streak deflection experiment at the center of the wash-
room, location C in Fig. 1, with door fully open. a Smoke streak
deflected towards exhaust fan, and b time-averaged velocity vector
field obtained using PIV processing (multimedia view)

(30 s each) were conducted and qualitatively similar visu-
alization was obtained in each run. The data from a single
run are reported in detail.

Figure 4b plots the time-averaged velocity vectors,
computed from 800 instantaneous velocity fields, and the
vectors are colored as per their deflection angle. Reliable
velocity vectors are obtained in the region covered by the
illuminated smoke and its unsteady undulations. Small mag-
nitude vectors outside the illuminated region are possibly
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due to background noise; they could be erroneous and are
filtered out during the PIV post-processing of the images.
We implement a velocity filter such that vectors with mag-
nitude below a cut-off are eliminated. Typically, this cut-off
is about 20% of the maximum velocity and is characteris-
tic of the background noise. Additional manual filtering is
employed to eliminate a few erroneous vectors, particularly
those pointing in the direction opposite to the smoke streak.
The manual filtering is usually limited to 1-2 vectors for
each experiment.

We observe that the velocity vectors at the upper edge
of the smoke streak are deflected by about 45°, while the
lower part of the smoke streak shows close to 90° deflection
from the vertical direction. Both the velocity vectors and the
smoke streak show a deflection due to the air flow velocity
towards the left. In the current orientation, this corresponds
to the direction towards the exhaust fan, and is defined as
positive deflection in the figure. In addition, local variations
of velocity vectors and their inclination angle are eliminated
by the averaging procedure. The resulting velocity field rep-
resent the time-averaged smoke streak deflection caused by
the mean air flow velocity at this point. This forms the basis
for comparison with steady-state RANS solution of the air
flow presented in “Comparison with CFD”.

The objective of the smoke visualization experiments is
to obtain a single average value of the deflection angle for
a given location of the incense stick. This would be repre-
sentative of the local direction of the steady state air flow
velocity. In this respect, the current experiments are aimed
towards point measurement at a specific location in space.
The quantitative data can thus be compared with CFD. In
contrast, the majority of smoke flow visualization experi-
ments in literature provide a qualitative picture of the flow
field. They study flow structures, like vortices, and their
development in a spatial domain over a finite time duration.

To obtain a single average value of the smoke streak
deflection at the center of the washroom, we first plot the
probability density function (PDF) of the deflection angle
(see Fig. 5). It is in the form of a histogram with 15° inter-
vals, and represents the fraction of points in Fig. 4b that
have deflection value in a chosen interval. The data are
normalized such that integrating the PDF gives the mean
value of the deflection angle. The majority of the veloc-
ity vectors have deflection between 45° and 90°, and the
PDF tapers off on either sides of this range. There are a
small number of vectors with deflection angles less than 0°
(deflection opposite to the primary flow) or more than 180°
(deflected downward). These are filtered out of the analysis,
as described above.

Figure 5a shows the effect of PIV interrogation window
on the PDF of the deflection angle. The numbers represent
the four passes in PIV processing (from larger to smaller
window size) to arrive at the final velocity vector field. There
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Fig.5 The probability density function (PDF) of the time-averaged
deflection angle of the smoke streak for location C, and its variation
with a PIV interrogation window and b magnitude of velocity filter

is minimal difference in the PDFs obtained using the interro-
gation windows of (208, 156, 104, 52) vs. (128, 96, 64, 32).
The values of 0,,,,, and o are within 1.8° and 0.3° respec-
tively. We recommend the results obtained using the higher
interrogation window for better accuracy. This corresponds
to (2.3, 1.7, 1.1, 0.6) cm in physical dimensions. Note that
the PDF in Fig. 5a is computed using a velocity filter of
20%. That is, velocity vectors with magnitude less than 20%
of the maximum velocity are filtered out. This eliminates
the erroneous data at the edge of the smoke streaks, where
the resolution may not be adequate. Figure 5b shows that
using a higher (30%) and lower (10%) velocity filter gives

qualitatively similar PDFs of the deflection angle. Higher
peaks are obtained using higher cut-off value, as expected,
and 6,,.,, is found to increase, while 6 shows a monotonic
decrease with increasing velocity filter value.

We use the PDF corresponding to the higher interroga-
tion window and a 20% velocity filter to obtain 0,,.,, = 69.1°
and o = 3.9° respectively. Positive 0,,,.,, indicates that the
local flow of air is towards the exit location. We consider the
location to be well-ventilated, where any infectious aerosol
generated at this point will be evacuated efficiently by the air
flow. The PDF also shows that more than 90% of the velocity
vectors are deflected in the range of 45° to 90°, which means
that the smoke streak is almost always deflected towards
the exhaust fan by more than 45°. In spite of the unsteady
turbulent fluctuations of the smoke, it is almost always car-
ried towards the exhaust fan, and the same can be expected
to be true for any infectious particles generated at the toilet
location. This can be qualitatively seen in the video of the
smoke visualization, and the PDF of the deflection angle
quantifies the effect.

Reversed Flow

We next place an incense stick at the location W marked in
the washbasin (see Fig. 1b) and follow the same procedure
of experiment and PIV post-processing as described above.
The field of view in this case is 5.5 cm X 6 cm. The results
are presented in Figs. 6 and 7.

The main difference is in the deflection of the smoke
streak to the right (away from the exit), instead of to the left
(towards the exit) in the primary flow. Both the instantane-
ous velocity field in Fig. 6a and the time-averaged velocity
vectors in Fig. 6b show this clearly. Once again, small veloc-
ity vectors obtained outside the smoke region are filtered out
to obtain a PDF of the deflection angle. Figure 7a shows the
PDFs obtained for two sets of PIV interrogation windows,
for three different values of the velocity filter. All the PDFs
are qualitatively similar to each other, and they show the
same trend as described above (“Reversed Flow”). Specifi-
cally, there is little variation due to changing interrogation
windows from (248, 186, 124, 62) to (128, 96, 64, 32) for a
given velocity filter. On the other hand, increasing (decreas-
ing) the value of the velocity cut-off increases (decreases)
the peak value of the PDF, while reducing (increasing) the
spread of the deflection angle.

As earlier, we recommend the PDF corresponding to the
higher interrogation window, corresponding to (3.0, 2.2, 1.5,
0.7) cm in physical dimensions, and a velocity filter of 20%
of the maximum velocity magnitude. The mean and standard
deviation of the deflection angle are thus obtained as —57.1°
and 4.8°, respectively. The majority (91%) of the veloc-
ity vectors have deflection angle between —30° and —90°.
Negative deflection is indicative of reversed flow, as per the
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Fig.6 Smoke streak deflection experiment at the washbasin, loca-
tion W in Fig. 1, with door fully open. a Smoke streak deflected
away from the exhaust fan, and b time-averaged velocity vector field
obtained using PIV processing (multimedia view)

current convention. CFD solution in Fig. 2a shows that the
washbasin is covered by a large region of recirculating flow,
with reversed flow present over the majority of the wash-
basin. Deflection of the smoke streak away from the direc-
tion of the exit can be interpreted as a sign of recirculating
air flow, which tend to harbor infectious particles for much
longer duration than primary flow. Negative deflection may
also mean that the air from this point takes a circuitous route
to reach the exit port (see “Location W with Open Door”).
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Fig.7 Variation of the time-averaged deflection angle of the smoke
streak at the washbasin location W in terms of a the probability den-
sity function and b time convergence history

This is also undesirable, as infectious particles carried by the
flow can thus reach different locations in the room, where
they can linger for an extended period.

Figure 7b shows the mean and variance of the time-aver-
aged deflection angle, computed using different number of
instantaneous images. We see a systematic convergence of
the mean and standard deviation of the deflection angle as
the number of images is increased. This also corresponds to
a successive increase in the duration of smoke visualization
data. For example, 300 images represents the first 10 s of the
flow visualization experiment, while 600 images span 20 s
of the video. The data shows that the results do not change

substantially beyond 600 images; variation in 8, ., and o
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Fig.8 Smoke streak deflection experiment at the washbasin, loca- »
tion W in Fig. 1, with door partially closed at 15°. a smoke streak
deflected towards the exit location (Multimedia view); b time-aver-
aged velocity vector field obtained using PIV processing; ¢ probabil-
ity distribution of the deflection angle obtained using different bin
sizes

Towards exit Field of view
. /

are within 0.5° and 0.1°, respectively. This indicates that
the duration of experiment is long enough and that we have
reached statistical convergence. Similar results are obtained
for the primary flow location presented in “Primary Flow”,
where the corresponding variation in the mean and standard
deviation beyond 600 images are 0.2° and 0.3°, respectively.
We thus recommend that the experiments are conducted for (a)

20 s or more after the initial transient has passed. D:l:_

6: 0 10 20 30 40 50 60 70 80 90

14

Partially Closed Door

12 A
We next study the effect of geometric variation in the wash-
room, in the form of a partially closed door. The objective
is to eliminate the recirculation zone formed over the wash-
basin, thereby facilitating the evacuation of trapped infec-
tions particles by the ventilation air flow. It will be shown
that changes in the air flow direction at the inlet and outlet
ports can make a significant change in the air flow pattern
in the room. Here, we orient the door at 15°, as opposed to
90° for the fully open door considered earlier. In the current
configuration, orienting the door at 15° directs the incoming
air flow towards the washbasin corner located next to the
door. This can be used as a strategy to replace the trapped air x (cm)
in the recirculation flow in this region. This can potentially (b)
disrupt the recirculation zone, thereby reducing it in size

or even eliminate it completely. Similar effects can also be s . T
. . .. . 5 (8, = 81.0°%, 0= 4.2")
achieved by placing additional fans over the washbasin or il gt
. . .. . . 006 4 FEEEREE 'mean = OU-0; O = I
by having louvers to direct air into the recirculating zone. " { ___ 189 (0, =81.4° 0 =279
Figure 8a shows the smoke flow visualization (field of e 200 (6, =79.8%, 6= 2.09)

‘mean

view : 11.5 cm X 13 cm) at the washbasin location with the 00

door partially closed, and the dramatic effect of reorienting
the inlet flow can be observed by comparing it with Fig. 6a.
The latter is obtained at identical location, but for a fully-
open washroom door. The differences are more prominent in
the corresponding videos (see multimedia view). The door 0.02 ]
at 15° directs the incoming fresh air towards the washba-

sin, which carries the smoke away very effectively towards 0.01 4
the exit (to the left). Also, a smaller opening available at
the partially-closed door results in a higher inlet velocity, 0 v ' ; : r r
which deflects the smoke streak by a large angle and makes 0

it close to a horizontal direction. This is apparent in Fig. 8b (©

in terms of a large fraction of the time-averaged velocity

vectors inclined at more than 80° to the vertical direction. A

positive deflection indicates primary flow or well-ventilated

region, as observed in “Primary Flow”.
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Figure 8c shows the PDF of the deflection angle com-
puted from the time-averaged velocity vectors. It has a
distinct peak in the range 6 = 80-90°. The average deflec-
tion 6,,.,, = 81.1° and the standard deviation ¢ = 2.7° are
obtained, once again, using a velocity filter of 20% and PIV
interrogation window (260, 195, 130, 65). This corresponds
to (5.7,4.3, 2.9, 1.4) cm in physical dimensions. The figure
shows the variation in the PDF due to changes in the histo-
gram window from 15° (used in the earlier PDFs) to other
values (5°, 10° and 20°). All the four PDFs are comparable,
and changing the deflection interval has minimal effect on
the mean and standard deviation values computed from the
PDFs. Similar results are obtained for the other two experi-
ments (presented in “Primary Flow” and “Reversed Flow”)
and the data are not reported for the sake of brevity. Fig-
ure 8a and the corresponding multimedia view show that
the smoke forms a discontinuous streak with intermittent
regions of vanishing smoke. This could be an effect of the
higher air flow velocity. Studying the effect of the velocity
magnitude on the smoke streak is left for future studies. For
the current purpose, it is important to note that the mean
deflection of the smoke streak is close to 80° [see Fig. 8c].
It is positive, i.e. towards the exhaust fan, and hence desir-
able for evacuating infectious aerosol from the washbasin.
Figure 9 compares the PDFs obtained from the three experi-
ments, and clearly shows the potential of the smoke deflec-
tion technique to distinguish between primary flow toward
the exit and reversed flow in the opposite direction. The
PDFs are demarcated by the 8 = 0 line, with the primary
flow PDFs entirely in the 6 > 0 range, while the reversed
flow PDF is restricted to the negative 6 values. Moreover,

1 Location C, open door (6, = 69.1°, ¢ = 3.9°
0.05
1 Location W, open door (8,,,, = -57.1°, o = 4.8°)
Location W, 15° door (6,,,,, = 81.1%, 6 =2.7°)
0.04 -
w 0034
5 ]
o
0.02 -
0.01+
0 =
-120 -80 -40 0

Fig.9 A comparison of the probability density function of the time-
averaged deflection angle obtained from the three experiments,
namely, location C and location W with open door and location W
with 15° door
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the PDFs for primary flow have a higher peak and a lower
spread than the one in the reversed flow. This is indicative
of higher unsteady oscillations in the recirculation zone. The
highest value of PDF is obtained in the range 75° < 6 < 90°
for the partially closed door, possibly due to higher air flow
velocity in this case. Once again, investigation of the effect
of velocity magnitude will be taken up in subsequent studies.

Comparison with CFD

In this section, we present and analyze the CFD solution of
an identical washroom geometry, so as to make meaning-
ful comparison with the experimental data. It is important
to understand the three-dimensional air flow pattern in the
washroom, as obtained from CFD. We, therefore, analyze
the CFD solution presented earlier (in “Geometry and Air-
flow Pattern”) in more detail, in terms of the velocity field
along multiple planes. The location and orientation of the
planes are based on where and how the experiments were
conducted. We also look at three-dimensional streamlines to
decipher the complex flow pattern in the recirculation zones.
This is followed by quantitative comparison with experimen-
tal measurements.

The CFD solution is available in terms of the time-
averaged steady state velocity field. The fluid is air, and it
is assumed to be an ideal gas. In contrast, the smoke from
incense sticks consists of combustion gases and soot par-
ticles. The particles are in the range of 0.05 to 2.5 micron
in size (Jetter et al. 2002; Ji et al. 2010), with a specific
gravity of around 1.06 g/cc (Cheng et al. 1995). Particles
of this size range are not expected to alter the air flow sig-
nificantly (Raffel et al. 2018). Further, the effect of gravity
on such small particles can be neglected. Thus, they can be
expected to follow the local air flow direction, and their path
can be compared with the fluid velocity vectors and flow
streamlines obtained from CFD. There will, however, be an
effect of buoyancy due to a finite difference in temperature
between the smoke and the surrounding air, and this is dis-
cussed subsequently.

Figure 10 plots the three-dimensional velocity vectors on
horizontal planes at y = 1.2, 1.0 and 0.6 m. The geometric
details of the washbasin and the toilet seat are also included
for reference. The pattern is similar to the two-dimensional
pattern shown in Fig. 2, in terms of the primary air stream
entering through the door and flowing over the toilet seat.
The recirculation zone over the washbasin is also visible
in part (a) and (b) of the figure. It is marked with smaller
velocity vectors than the primary flow. The vector field in
part (c) shows the effect of geometric obstructions in the
washroom, with small recirculation zones forming next to
the washbasin. There is noticeable vertical component of the
air flow as it approaches the exhaust fan (on the left wall at a
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Fig. 10 CFD solution of the air flow pattern in the washroom is pre-
sented in terms of velocity vectors plotted in different horizontal
planes;ay=12m,by=10mandcy=0.6 m

height of 1.63 m). The three-dimensionality of the velocity
field is also prominent along the walls of the washroom, with
a significant vertical component.

Location C with Open Door

The coordinates of the tip of the incense stick placed at loca-
tion C is identified as (1.38, 0.61, 0.92), and is marked by ®
in Fig. 11. All the dimensions in this section are given in m,
unless mentioned otherwise. The figure shows the velocity
vectors in a vertical plane at z = 0.92 m. This is comparable
to the plane in which the smoke visualization is reported
in Fig. 4a. Once again, the primary flow from the door (on
the right) is characterized by uniform velocity vectors over
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Fig. 11 Velocity vectors plotted in a a vertical plane at z = 0.92 m,
with b a magnified view of the region over the toilet seat

the toilet; it is directed towards the exhaust fan at top left
corner of the figure (not part of the frame). Some effect of
the obstruction created by the toilet seat and the washbasin
are also visible, but they do not seem to affect the flow at the
measurement location; see the magnified view in Fig. 11b.

At the point of experimental measurement, the CFD solu-
tion gives x and y components of velocity, « and v as 2.74
cm/s and 0.29 cm/s, respectively. They are used to compute
the angle of the velocity vector with respect to the vertical
direction.

6 = tan"!(u/v).

The CFD solution also provides the velocity component in
the z-direction as w = 1.06 cm/s. We compute the resultant
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horizontal velocity and use it to calculate the deflection from
the vertical direction as

0" = tan™! (Vu2 + w2 /v).

Including the z-component of velocity changes the deflection
angle by 8’ — 6 ~ 1°; it does not affect the comparison with
experiment significantly, as shown below.

Figure 11b also presents a contour plot of the deflection
angle (#) computed from the CFD solution in the z = 0.92 m
plane. It shows that 8 is relatively uniform in the region over
the toilet seat. Larger variations are limited to the vicinity of
the toilet seat and its edges. This is due to the distortion in
the primary flow caused by the geometric obstruction. A sig-
nificant region around the measurement location, including
the experimental field of view (red box), has 80° < 8 < 90°.
A quantitative comparison between CFD and experimental
deflection values is presented at the end of the section.

Location W with Open Door

We next study the CFD velocity field in a vertical plane at
z = 1.27 m passing through the washbasin (Fig. 12). The
smoke visualization location (0.35, 1.12, 1.27) is marked
by ® in the figure.

There are a couple of important differences between the
toilet seat and washbasin velocity field. First, the magnitude
of velocity is lower by a factor of about seven. This is typi-
cal of recirculation zones, which have significantly lower air
flow velocity than primary flow. Second, the velocity field
in Fig. 12a shows a circulating pattern over the washbasin,
in contrast to relatively uniform primary flow over the toilet
seat. This translates to a higher variation in the 6 values
(see the contour plot in Fig. 12a) around the measurement
location. Once again, quantitative comparison between CFD
and experimental deflection angle is presented at the end of
the section.

In fact, the velocity field is quite complex and the full
three-dimensional view is presented in part (b) in terms of
the streamlines colored by the z-coordinate. The streamlines
follow multiple loops as the air circulates over the washba-
sin and gradually moves towards the ceiling. The streamline
loops are such that the reversed flow (# < 0) parts are over
the washbasin (green and blue color for 1.1 < z < 1.4), while
the forward flow (u > 0) is for z < 1.0 (orange and red color
streamlines). The forward flow is close to the primary flow,
where the velocity vectors are pointed towards the exhaust
fan. Inside the washbasin, the streamlines are affected by
the local geometric features, and have significant vertical
component. Nevertheless, the majority of the recirculation
zone has negative or reversed velocity as per CFD, and this
matches with the negative deflection of the incense smoke
(away from the exit location) measured in the experiment.
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Fig. 12 Complex three-dimensional air flow circulation over the
washbasin is visualized in terms of a velocity vectors in a vertical
plane at z = 1.27 m, b streamlines over the washbasin and ¢ stream-
lines in primary and recirculating flow

This is true irrespective of the exact location and height
of the incense stick (y > 1 m, relevant for human use) in
the washbasin, and was observed experimentally (data not
included). Overall, the deflection of the smoke streak in
the negative direction, when juxtaposed with the positive
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deflection in primary flow, is a clear indicator of recirculat-
ing air flow over the washbasin.

Figure 12c compares the streamlines in the recirculation
zone with those in the primary flow. The red streamlines (z
< 1.0 m) originate from the door, pass over the toilet seat
and exit through the fan (except for a small circulation near
the exit location). Thus the air over the toilet seat is replaced
by fresh air quickly, and any infectious particles generated
in the toilet is evacuated effectively. On the other hand, air
in the recirculation zone above the washbasin takes a cir-
cuitous route to the exhaust fan. This, along with low veloc-
ity magnitude, results in high age of air in this region. The
recirculation zone retains infectious particles much longer
than the well-ventilated regions covered by the primary flow,
as shown in a recent work for identical geometry (Sinha
et al. 2021).

Location W with Partially Closed Door

CFD simulations were performed with a partially closed
door, following a procedure identical to that described in
Geometry and Airflow Pattern. The door is deflected at 15°
with respect to a fully closed position, and the computational
grid is modified appropriately. The door surface is modeled
as a no-slip wall and the opening of the door is prescribed as
a pressure boundary with zero gauge pressure. Other bound-
ary conditions, including the fan CFM, and grid resolution
are maintained as earlier.

Sample CFD results are presented in Fig. 13 in terms of
velocity vectors plotted in a horizontal plane at y = 1 m and
a vertical plane at z = 1.27 m. The location of the incense tip
is marked by ® and the experimental field of view is shown
by a red box, as earlier. The dramatic difference compared
to the fully open door (Fig. 10) is clearly visible, with the
velocity vectors directed into the washbasin corner. The top
view in Fig. 13a shows that the fresh air from the door flows
over the washbasin, along the wall and towards the exhaust
fan. The partially open door creates a uniform primary flow
in the vertical plane shown in Fig. 13b, where the velocity
vectors are almost horizontal for a majority of the space
above the washbasin. CFD predicts 6 ~ 90° for y = 0.9 m
to 1.7 m (except near the wall). This covers a large fraction
of the space used by a person at the washbasin, and it has
primary flow of fresh air from the door.

Thus we are able to ventilate the washbasin area by
keeping the door partly closed between two usages of the
washroom. It eliminates the recirculation zone completely
from the frequently used washbasin location, while cre-
ating other recirculation zones behind the door. Further
studies are required to evaluate the effect of the new cir-
culation zones on the ventilation of the washroom. Similar
strategies of blowing air into a washbasin corner can be
achieved by placement of additional fans or by suction/
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Fig. 13 Velocity vectors plotted in a horizontal plane at y = 1.12m, b
vertical plane at z = 1.27 m, computed for the washbasin region with
a partially closed door, and ¢ showing 3D streamline in primary flow
over washbasin

blowing devices. These, however, will have additional
power requirement. Deflecting the door or placing louvers,
by comparison, is a zero-energy cost retrofit solution for
refreshing the air in the frequently-used location of the
washbasin.
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Quantitative Comparison

Table 2 compares the angle of the velocity vector 6 obtained
from CFD, with the smoke deflection angle for the three
cases reported above. The experimental data are listed in
terms of 0,,.,, + 0 computed from the PIV data over the
field of view of the experiment. In a similar vein, the CFD
data are taken from a region comparable in size and posi-
tion (with respected to the tip of the incense stick) in each
case. It is found that the CFD deflection angles reproduce the
qualitative trend observed in the experimental values. Spe-
cifically, the highest deflection is at the washbasin location
for the 15° door in both CFD and experiments. This is due to
the high inlet velocity through the partially closed door, as
discussed above. The lowest magnitude, on the other hand,
is seen for the fully open door and the washbasin location,
indicative of the low air velocity in the recirculation zone.

In general, the CFD values are higher in magnitude than
those obtained from experiments. This could be because of
the effect of buoyancy that tends to make the smoke streak
more vertical than the air flow velocity in the CFD solution.
Additional simulations including the effect of buoyancy are
required to address this discrepancy. Nevertheless, the CFD
values are comparable to the experimental measurement,
within about 8° to 20°. The difference is lower in the pri-
mary flow regions, while the highest discrepancy is observed
in the recirculation zone over the washbasin for the open
door configuration. The variability in the CFD 6 values is
also considerably high in the latter case, owing to the vorti-
cal nature of the velocity field. The variation of the CFD
deflection angle (+ 5.8°) for the reversed flow is more than
four times larger than that for the primary flow regions (+
1.4°).

Overall, the experimental measurements match the quali-
tative trends in the CFD solution. We also get reasonable
quantitative comparison between the two sets of data for all
the three cases tested in this work. Most important, there is
clear corroboration of the positive and negative deflection
obtained in primary flow vs. reversed flow. This allows us
to experimentally identify the recirculation zone over the
washbasin (when the door is open) in a real washroom. The
procedure can be extended to identify the extent of the recir-
culation zone, by carefully mapping the regions of reversed
flow and by performing experiments at many more points

Table 2 Comparison of the direction of velocity obtained from CFD
with the smoke deflection angle (in degrees) measured in experiments

Case Experimental CFD

Washbasin location W —-57.1+438 —-762+5.8
Center location C 69.1 +3.9 83.0+14
Location W with 15° door 81.1 +£2.7 88.8 +0.6

@ Springer \

over the washbasin. We are also able to experimentally show
how directing air flow towards the washbasin can eliminate
the recirculating flow in the region. This is the primary
objective of the work, i.e. to use incense smoke deflection
technique to identify and eliminate recirculation zones in a
real indoor environment.

Discussion

The detailed comparison between the numerical and exper-
imental results presented above brings out an interesting
point. The CFD data in this case can be used to extrapolate
and extend the applicability of the measurement beyond the
field of view of the experiment. For example, the contour
plot of @ in a plane passing through the experimental loca-
tion in Fig. 11b shows that the CFD deflection angle changes
by less than 10° over the entire toilet seat. The same can
be expected for the experimental deflection angle. Thus the
positive 6 in the experiment, indicating primary flow, can
be assumed to be valid over a much larger region than the
immediate vicinity of the incense tip. Knowing the extent
of the primary flow region is important for the ventilation
of the washroom. It is safe to place people and equipment
in primary flow.

It is equally important to know the location and extent of
recirculation zones in a room; the knowledge can be used
in several ways. First, we can avoid placing people and fre-
quently used devices in such regions. This is particularly
useful in the scenario of physical distancing, where offices
and restaurants are advised to operate at a fraction of their
full capacity (Liu et al. 2021; Wu et al. 2021). Second, venti-
lation system can be operated in a way to have good air flow
at the critical locations of a room. For example, there should
be adequate air flow in a classroom at the location where
the teacher is talking for the majority of the time. Finally,
not all desks in a classroom, or every table in a restaurant
are occupied. Hence, retrofit solutions like the placement of
exhaust fans and air purifiers, can be designed to minimize
or even eliminate recirculation zones at the locations occu-
pied by people (Narayanan and Yang 2021; Abuhegazy et al.
2020; Dbouk and Drikakis 2021). It is interesting to note
that simply increasing the air flow rate through existing inlet
and outlet ports may not eliminate the recirculation zones
(Sinha et al. 2021).

The data presented in this work show that the smoke
deflection experiment is an effective way to distinguish
between recirculation zones and well-ventilated regions
in a room. The simple set up of the experiment, along
with the easy availability of incense sticks, allows it to
be readily deployed in any real scenario under actual
operating conditions. Air flow pattern can thus be stud-
ied without any geometric simplification and boundary
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condition assumptions that are inherent in CFD, or labo-
ratory mockup. It is a low-cost alternative to a full-scale
PIV experiment that is difficult to perform in the field. PIV
gives the velocity field in a two-dimensional plane (Raf-
fel et al. 2018), while the data from the smoke deflection
technique are localized close to the point of measurement.
Nevertheless, it is a valuable tool to answer an important
question in indoor ventilation, namely, where are the recir-
culation zones that can retain infectious aerosol for a long
time? It can be especially useful in situations where one
might not have access to sophisticated instrumentation and
cannot afford time-consuming CFD simulations.

The washroom geometry studied in this work is rela-
tively small in size, with one inlet (open door) and one exit
(exhaust fan) port. It is easy to identify the direction of the
primary flow set up between these locations. The reversed
flow in opposite direction then identifies the recirculation
region. In rooms with multiple inlets and outlet ports,
we can extend the procedure by considering the closest
entry and exit points. Larger indoor spaces may also have
more complex air circulation pattern, with a number of
recirculation zones of different sizes. Additional experi-
ments over multiple points will be needed to characterize
all such regions. Even then, the frequently used locations
in the room would be of primary interest, and we should
attempt to minimize or eliminate recirculating or reversed
flow at these locations. Once again, the smoke deflection
technique is a powerful tool to assess the effectiveness of
retrofit solutions to alter the air flow direction at a point.

Conclusions

In this work, we employ smoke visualization experiments
to study the ventilation of a real washroom, and distin-
guish well-ventilated parts of the room from regions of
recirculating air flow. Recirculation zones are known to
retain infectious aerosol for much longer than the rest of
the room. The experiments use readily available incense
sticks as smoke generator, and the images are post-pro-
cessed using PIV software. The resulting velocity field is
used to obtain a quantitative measure of the deflection of
the smoke streak by the local air flow. A positive deflec-
tion is identified as primary flow towards the exit location,
while negative deflection due to reversed flow is character-
istic of recirculation zones. The experiments are conducted
at the frequently-used locations of the toilet seat and the
washbasin, and the results are found to compare well with
three-dimensional CFD solution of the washroom geom-
etry. A good match between the CFD data and measure-
ment is also found for the case, when the door is deflected
to direct fresh air into the recirculation zone.
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