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Abstract

This study investigated experimentally the flow regime with a face shield on a face mannequin placed at different
distances (L=50 cm and L=150 c¢m to source of flow), i.e., perpendicular to the channel or at an angle of 10°,
through the PIV (Particle Imaging Velocimetry) method along with the dye experiments, based on which the face
shield and dye injector were positioned to conduct the PIV tests. As a result of the experiments, instantaneous
velocity vectors and velocity magnitude data were obtained, and the flow structure around the face shield was
examined in detail. The study revealed that the flow released through the respiratory tract hit the face and eye
area of the mannequin in the experiments performed without using a face shield, yet, with the face shield, the
flow that emerged while talking at a close distance was directed from the lower part of the face shield towards
the neck and jaw but protected the face and eye area compared to the case without a face shield. It was observed
that the flow lost its energy when it first left the flow source, and the velocity vectors were directed down the
neck area. Positioning the mannequin at an angle of 10° turned out to be less protective than positioning it
perpendicular to the channel, due to the flow being directed from the jaw to the mouth area with the effect of
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the angle.
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1.INTRODUCTION

It is stated by health authorities that COVID-19 is rapid-
ly transmitted by respiratory tract or contact [1]. In recent
years, it has been observed that viral spread has dispersed
groups of infectious particles [2]. Biological particles from
bacteria, viruses and fungi can be found in the air that is
breathing [3]. Droplets carrying infectious virus are ejected
by an infected person because of activities such as breathing,
coughing, speaking, and sneezing, and these particles, which
can be carried, can be made to surfaces or suspended in the
air, can be inhaled or taken into the body by people who are
not adequately protected or who do not pay much attention
to hand hygiene [4, 5]. Considering this situation, infectious
disease outbreaks are likely to spread in places where there
is a high human population in public spaces, office spaces,
lecture halls, public transportation [6]. The typical breath-
ing processes of an individual can be classified as breath-
ing- i.e., inhaling and exhaling- talking, laughing, coughing,
and sneezing. Human respiration changes according to the
respiration rate. Depending on the intensity of breathing,
talking, coughing and sneezing, an air flow occurs through
the respiratory tract, within which particles of various sizes
exist. Particles can lose their initial high velocity due to air
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friction after the first moment they leave the source, and it
is, therefore, crucial to understand the movement of parti-
cles caused by coughing, sneezing, talking, and breathing to
control the spread of infectious respiratory diseases [7-9].

The use of personal protective equipment (PPE) is essen-
tial to reduce or prevent people and especially healthcare
workers from the risk of getting infected [10]. In particu-
lar, healthcare-related infection risks can be encountered
in healthcare facilities around the world [11]. Considering
this situation, PPE designed and recommended to be used
especially for healthcare workers acts as a shield between
healthcare workers and viruses [12]. It is also known that
using a protective face mask is effective in reducing the risk
of contagion due to coronavirus particles transmitted by
droplets and aerosols [13]. Surgical masks have been a part
of healthcare workers' clothing for over 100 years. Surgical
masks are developed to filter and prevent the spread of mi-
croorganisms in the mouth [14]. Not only masks, but also
gloves, goggles, face shields and aprons are used extensively
as PPE in infections where the risk of transmission is high
[15]. Especially healthcare professionals are in the high-risk
group as they work in close proximity to the face of patients
during the treatment of Covid-19 [16]. Healthcare profes-
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sionals use such equipment as face shields as a physical bar-
rier to wear on the head to prevent direct contact with the
droplets during some droplet-producing procedures such as
intubation and respiratory physiotherapy [17]. This kind of
equipment is designed to reduce the risk of direct exposure
to infective droplets through splash [18].

There are limited studies in the literature on the behavior of
personal protective equipment under a flow. However, it is
possible to see many different experimental and numerical
studies in which breathing, speaking, coughing, and sneez-
ing reactions are simulated from the starting point whereas
the flow movements of these situations are examined under
different conditions in an environment [19-26]. In the study
by Licinia et al. [21], the researchers examined the veloci-
ty field around the mannequin under two different ambient
temperatures and body postures, and the effects of different
types of clothing, chair design and table positioning on the
airflow properties of the breathing zone for a sitting manne-
quin. Badeau et al. [22], examined the impacts of microor-
ganism transport in confined spaces during coughing pro-
cess in relation to computational fluid dynamics of particles
and flow-field behavior in a designed square chamber. Using
Computational Fluid Dynamics (CFD), Ge et al. [23], con-
ducted a numerical study to analyze the inhalation of par-
ticles by a mannequin in a closed space with a ventilation
system. Richmond-Bryant [24], who used the computation-
al fluid dynamics simulations, examined the characteristics
of the dimensional velocity and concentration profiles of air-
flow, which could cause healthcare workers to be exposed to
a pathogenic substance in the air in the infection isolation
room (AIIR). Tang et al. [25], researchers have visualized
the sneezing and breathing states of healthy volunteers us-
ing a real-time shadow graph display technique. Clark and
Golf [26], examined the interaction of airborne dispersion
of photogenic particles and droplets with ventilation in an
operating room environment.

As can be seen in the literature review, many researchers ex-
amined the flow structure of the distribution of the air flow
and the number of particles, especially because of talking or
breathing, in different simulations. Understanding the mo-
tion of a liquid or a molecule within the flow is as important
as the motion of fluid on bodies. For this, in this study, con-
trary to the literature, the flow structure around a bluff body
(face shield) was investigated experimentally, independent
of particle density and particle amount. The main purpose
of this study is to examine the flow structure around the face
shield used as personal protective equipment. This study
conducted two different experiments in which the distances
between the two mannequin heads were 50 cm and 150 cm,
respectively, to determine the flow characteristics of the face
shield. First the dye and then the particles for PIV experi-
ments were sent by an adjustable pump from the first man-
nequin to the second. Later, PIV experiments were conduct-
ed by placing the second mannequin’s head with the face
shield at an angle of 10°. This study aims to pose an original
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example for scientific research or engineering applications
and designs to be carried out in this respect.

2. MATERIALS AND METHOD

The experiments were conducted in an open water chan-
nel, shown in Figure 1, in the Advanced Fluid Mechanics
Laboratory at Osmaniye Korkut Ata University. The water
channel includes two axial pumps with rotation control, two
collecting pools, and one flow regulator in a honeycomb pat-
tern with grids, in addition to the field of view made of plexi-
glass. The water tunnel was manufactured as fully sealed.
The tunnel is 1.8 m high and 4 m wide with the maximum
length of 15 m. The test chamber in the water tunnel is of 6
m long, with 80x80 cm of a cross-sectional top opening. The
length of the channel is 80 cm, and its depth is 100 cm. A
maximum of 80 cm of water can be filled. The speed ranges
in the channel are between 10mm/s - 500mm/s. Prior to en-
tering the test chamber, the flow passes through a sedimen-
tation tank, a honeycomb, and a constriction at a ratio of 2:1.
The change in the speed profile with height in the middle
of the test chamber is less than 2%. The turbulence density
in the middle of the test chamber at a speed of 0.3 m/s was
calculated below 2%.

—‘

Figure 1. Technical Drawing of the Closed-circuit, Open Water Channel
(31]
The study first examined the flow structure through dye ex-
periments to have preliminary information about the struc-
ture, and to position the experimental equipment correctly.
In the dye experiments, snapshots were taken with a Canon
brand, EOS M50 (24MP) model digital mirrorless camera at
aresolution of 1280*720 pixels in the form of 100 frames per
second and of at least 66 seconds (the time corresponding
to the acquisition of 1000 sets of instant data in PIV exper-
iments), after which the images were analyzed and visuals
representing the flow structure were formed for each ex-
periment. Rhodamine 6G dye in powder form was mixed
with water so that it would glow under laser light and allow
detailed observation of the flow structure. A certain amount
of salt was added into the dye and water mixture to obtain
a solution with increased density compared to water with
the aim of modelling the particles and droplets in water,
which come out of the mouth while talking approximate-
ly. During the experiments, the dye was injected into the
pump by designing. In this way, not only flow visualization
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was achieved but also necessary information was obtained
about the flow structure before PIV experiments. As a re-
sult of the dye experiments, the mannequins and the speech
simulation were positioned to start the PIV experiments.
Upon collecting the experimental data in the flow plane, the
distorted or bad vectors were removed, with the data filtered
and arranged. Images of silver coated particles used in PIV
were used to calculate vector displacements. Since the par-
ticle images had random functions, the resulting correlation
functions had random components with the possibility of
producing slightly inaccurate measurements that needed to
be removed before the data set could be used. After calculat-
ing the velocity field, the distorted vectors (less than about
3%) were removed with the CleanVec program and the field
of view was scaled according to the real flow area [27]. The
PIV system consists of a basic software that performs the
analysis to obtain velocity vectors by providing the con-
nection between laser, camera, synchronizer subsystems, a
computer, and the system. It involves a pair of Nd:YAG la-
ser sources, each with a power of 120 mJ, a high-resolution
digital camera, laser sources and a synchronizer as well as
various optical elements that enable the digital camera to
work together. The digital camera can shoot 15 snapshots
per second with a resolution of 1600x1186 pixels. In addi-
tion, the camera was equipped with a 50 mm f1.8 aperture
lens. Spherical silver-plated particles of 20-micron diameter
with a density higher than that of water were scattered into
the flow so that it would collapse under the effect of gravi-
ty in still water. The measurement area was illuminated by
a laser beam approximately 2 mm thick. The time interval
between laser pulses was chosen as 0.066 seconds. It was
concluded that the errors in velocity measurements made
using the PIV technique were less than 2% [28].

The experiments involved a human head mannequin and a
face shield model, which is used extensively by healthcare
and community care professionals in the fight against the
pandemic, in order to represent reality. Figure 2 presents
a schematic representation of the mannequin head model
in the flow area, and the visual of the face shield placed on
the model, as well as a second mannequin where the speech
simulation was performed. Figure 2-(a) represents the sche-
matic representation of the mannequin head models placed
perpendicular to the channel, whereas Figure 2-(b) shows
those at an angle of 10° to the channel. We investigated the
impact on the flow structure in relation to the distances be-
tween the two models positioned at two different spots as
L=50 cm and L=150 cm, and the positioning of the manne-
quin model with the face shield placed perpendicular to the
channel and at an angle of 10°. The cameras optical sensor
uses Charge-Coupled Device (CCD) technology for con-
verting light info collected from lens to digital image data.
In Figure 3, there is an image of the CCD sensor camera
used in the PIV study and the head mannequin with a face
shield, around which the flow structure was examined. PIV
studies in the literature have shown that the average flow
velocity during speech can be 3.1 m/s in air [29,30]. In the

study, Reynolds’ Law of Similarity was used and the Reyn-
olds number for water was found to be Re=35500. In this
direction, taking into account the studies in the literature,
water containing dye and particulates was injected into the
channel through an injector out of a reservoir at a constant
velocity of = 0.31 m/s for water and containing silver-coated
particles. Figure 4 presents the image with the viewing area
of the examined mannequin model.

(b)
Figure 2. The image of the mannequin head models within the water
channel, a) perpendicular to the channel and b) placed at an angle of 10°
to the channel

Figure 3. The image of the mannequin head model and the CCD sensor
camera located in the water channel where the experiments were con-
ducted

3. RESULTS AND DISCUSSION

Figures 4, 5 and 6 present the images of the dye experiments
on the mannequin model performed using the PIV tech-
nique in the open surface water channel in the Advanced
Fluid Mechanics Laboratory at Osmaniye Korkut Ata Uni-
versity. Snapshots were selected from among the dye exper-
iments within a certain time interval to reach the results.
Figure 5 shows how the dye was sprayed on the head model
from a distance of L=50 cm without using face shield, and
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the movement of the dye on the mannequin surface. It is
clearly seen that the dye hitting the face directly progresses
towards the mannequin’s nose and eyes (t=2.320s). Figure
5 presents the images of the dye experiment conducted at
certain time intervals with the dye spraying apparatus po-
sitioned at a distance of L = 50 cm for the trial where face
shield was used. Since the time elapsed between the first
time the dye came out of the injector and the contact with
the face shield was short due to the short distance between
the two objects, the dye directly hit the face shield surface
(t=1.40s) and moved from the lower area of the face shield
towards the neck of the mannequin (t=2.332s) after hitting.
Compared to the experiment without one, the face shield
directed the flow coming to the face away from the nose and
eye area in the first place. However, it is seen that the flow
of the dye injected at very close range (L=50cm) can be car-
ried up from the lower surface of the face shield towards the
neck, even up to the jaw. Figure 6 shows the images of the
dye experiments conducted with the dye spraying apparatus
positioned at L=150 cm away from the face shield. The dye
sprayed from a further distance than L=50 cm (L=150 cm)
seemed to lose its motion energy in the flow until it reached
the face shield and moved away from the neck area (t=20s
and t=24s) without creating a flow movement from the low-
er part of the face shield to the jaw. It is also evident that
the use of PPE has a preventive effect at first contact. The

t =1.866s

t=2.332s

t =2.800s

t =3.260S

Figure 4. The snapshots of the dye experiments performed on the man-
nequin without a face shield at different time intervals (50cm)
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study examined the flow structure through the PIV method
to make a spraying process, like the act of speech, reach the
face shield from different distances (L=50cm and L=150 cm)
as well as determining the flow characteristics on the face
shield. The highest and lowest values of velocity magnitude,
which is the resultant flow velocity, on the contour were 0
m/s and 0.31 m/s, respectively, whereas the increase interval
was AV=0.026 m/s. PIV experiments were also conducted in
that speed range at different L distances and different angles.

Figures 7-11 present the snapshots obtained at different
times (1/15s) as a result of the PIV experiments. The time in-
terval is taken as 4 seconds for both frames. The mannequin
inside the channel was examined when it was perpendicular
(0°) and when positioned at an angle of 10° to the channel.
Figure 7 shows the snapshots of the face shield surface taken
flow simulation at L=50cm. The figures show the velocity
vectors hitting the shield surface with high speed. Such vec-
tors reach the neck of the mannequin model with the impact
of the flow. The images for the values of t=1.866s, t=2.232s
and t=2.800s represent that the flow was directed by hitting
the lower tip of the face shield. In Figure 8, there are snap-
shots of the face shield taken flow simulation at L=150cm.
It is seen that the velocity vectors that emerged as a result
of the performed from a farther position compared to the
L=50 cm lost their energy and weakened. Consequently, the

f =1.8606s

f =(0.466s f=2.332s

£ =0.933s t =2.800s

f=1.400s { =3.266s

Figure 5. The snapshots of the dye experiments performed on the man-
nequin with a face shield at different time intervals (50cm)
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Figure 6. The snapshots of the dye experiments performed on the man-
nequin with a face shield at different time intervals (150cm)

‘ ; ;& | . ko
Figure 7. Snapshots of velocity vectors for the case where the mannequ-
in is at an angle of 0° from a distance of L= 50 cm

Figure 8. Snapshots of velocity vectors for the case where the mannequ-
in is at an angle of 0° from a distance of L =150 cm

velocity vectors coming to the surface of the mannequin
moved away from the neck without reaching the face and
jaw with the impact of the face shield. It will be seen more
clearly when the snapshots taken at t=8,12 and 16 seconds
are examined.

Figure 9 displays the snapshots of the face shield surface
taken flow simulation by positioning the mannequin at
L=50cm and at an angle of 10°. It did not take long for the
fluid injected into the channel from the position of L=50 cm
to reach the face shield as the two mannequins were close to
each other, which preserved the energy emanating from the
flow source and hit the shield surface intensely. Especially,
the snapshots taken at t=1.866s and t=2.232s indicate that
a vortex was formed due to the vectors hitting the shield
surface at an angle of 10° and the resulting vortex was in an
orientation from the lower part of the shield to the jaw. Fig-
ure 10 presents the snapshots of the face mannequin posi-
tioned at L=150cm away and an angle of 10° to the flow. The
fact that the time elapsed between the point where the flow
simulation originated from the source and the point where
it touched the face shield due to the distance caused the
vectors to lose their energy. Although the vectors had a low
velocity, they moved from the lower tip of the face shield to
the jaw, especially between t=16s and t=28s, due to the 10°
angle of the shield. In t=20s, in particular, it is more clearly
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Figure 9. Snapshots of velocity vectors for the case where the mannequin
is at an angle of 10° from a distance of L=50 cm

seen that the velocity vectors were directed towards the jaw
with the effect of the angle. Figures 11 and 12 contain Veloc-
ity Magnitude / Time graphs at the positions of L=50cm-0°
and L=150cm-0°, respectively. Time-dependent velocity
change graphs were formed by putting points at different
positions in the Y axis and the X axis in the field of view. X,
was created with the data obtained from the coordinates of
Y=60-X= 40, X, from the coordinates of Y=60-X=80, and X,
from those of Y=60-X=120. Figure 11 and Figure 12 show
that the vectors emerging from the source located L=50cm
away reach the face shield in a short time, while in a longer
time when located L=150 cm away. The velocity data got di-
mensionless with dividing the velocity magnitude by source
velocity. The graphs also indicate that the velocity of the vec-
tors from L=50cm away is approximately 10 times higher
than that from L=150cm away. In addition, the velocity of
the vectors seems to decrease as a result of their movement
towards the shield in the X axis over time. The flow loses
its velocity as it moves away from the outlet source, and the
X, point close to the source has higher values than those
acquired from the time-dependent velocity data taken from
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Figure 10. Snapshots of velocity vectors for the case where the man-
nequin is at an angle of 10° from a distance of L = 150 cm
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Figure 11.Time-dependent dimensionless velocity profiles taken from
the positions X =40 mm, X =80 mm and X = 120 mm in the flow directi-
on from the fixed Y axis at a distance of L =50 cm

the X, and X, points in both graphs. It is apparent how im-
portant the distance is between people and the way of using
personal protective equipment with respect to the risk of di-
rect exposure to infective droplets at first glance. However,
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Figure 12.Time-dependent dimensionless velocity profiles taken from
the positions X =40 mm, X =80 mm and X = 120 mm in the flow directi-
on from the fixed Y axis at a distance of L =150 cm
it should be known that using PPE alone will not be enough.
In this study, the flow structure around PPE exposed to a
flow is examined.

4. CONCLUSIONS

The study conducted dye experiments and used the particle
imaging velocity measurement (PIV) technique to deter-
mine the flow characteristics of the action of flow simulated
from different distances (L=50 cm and L=150 cm) placed in
a channel in relation to the face shield positioned at different
angles (10° and 0°). In the results of study;

« In the experiment in which no face shields were
used, the dye hitting the face directly moved towards
the nose and eyes of the mannequin, whereas in the
next experiment with a face shield, the shield caused
to change direction of the flow in the first place and
protected it away from the face and eyes.

+ The experiment performed at a close distance (L=50
cm 0°) revealed that the face shield protected the face
and eye area of the mannequin compared to the model
without the face shield, but the flow was directed
towards the neck region due to the energy of flow.
The result of the experiment performed from a longer
distance (L=150 cm) demonstrated that the flow lost
most of its energy as it approached the face shield and
the flow hitting the shield surface moved away from
the neck area without being directed to the jaw area.

« It was observed that the face shield prevented the
contact of the vectors released at different speeds to
the mannequin skins in the first place. However, the
flow sent from L=50 cm and L=150 cm away from the
face shield positioned at an angle of 10° was directed
towards the jaw area due to the vortex formed in the
lower part of the shield.

As a result of this work, it has been shown that the risk of
direct exposure to velocity vectors (infective droplets) at
first glance, the distance between people as well as the way

of using the personal protective equipment and their char-
acteristics are of great importance for health. Additionally,
this study has shown that exposure to the air flow released
as a result of speech at a close distance is a health risk even

if protective equipment is used, and the distance between

people should be maintained under all conditions.

The study of the flow characteristic on the face shield, which
is a personal protective equipment, aimed to reveal the con-
ditions of the object under the flow. From the results ob-
tained, it is clearly seen that protection is insufficient in face
shields so long as jaw, upper forehead and side gaps are not
covered since the face shields appear to be very sensitive to
the up/down movement of the head. It is recommended that
a surgical mask should be used together with a face shield
against the possibility of particles entering the respiratory
tract from the gaps on the sides and under the jaw especially
in such types of face shields.
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