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The effect of the built environment on the predominant indoor airflow patterns is significant. To protect the
healthcare workers at the front line from the outbreak of COVID — 19, it is necessary to understand the trans-
mission dynamics of the virus, which has been shown to depend on indoor airflow patterns. In hospital operating
rooms (ORs), design requirements pose a unique challenge as the positive pressure in the OR can facilitate virus
spread into adjacent spaces, shall a COVID-positive patient require a surgical procedure. Moreover, the turbulent
vortexes from door motions could independently increase the probability of virus escape from the OR to the
adjacent corridors. Therefore, to obtain critical knowledge about the alteration of flow fields due to door
movement in a positively pressurized room and quantify the air mixing across the door, a series of experiments
were conducted in a controlled chamber. The results demonstrate significant impacts of the door opening on the
airflow patterns. Increased alterations near the door and vortexes penetrating far into the chamber with multiple
doors openings warrant further study of the indoor airflow dynamic under door motion. This experimental study
proposes an algorithm to quantify the air exchange due to a standard door opening and quantifies this exfiltration
of contaminated air up to 2 air changes per hour, that is 10% of the chamber supply airflow rate. The algorithm
to quantify the dissipated air quantity and the analyses of interaction between initial conditions and door
openings contribute to the originality of this paper.

1. Introduction The operating room is a very sophisticated, well-ventilated space,

susceptible to contamination spread [6]. These spaces are positively

The fast and somewhat uncontrollable spread of SARS-CoV-2 has put
forward an unparalleled challenge to the healthcare workers who are at
the frontline of this battle. The providers of healthcare services are at a
disproportionately high risk of contracting the infection, as they are 29%
more likely to get infected [1]. Initially close contact infection through
respiratory droplets were thought to be the principal route of COVID-19
transmission. But, Morawska and Cao [2] has shown the airborne
transmission to be a significant reason behind the spread by summari-
zing a wide array of studies [2]. Substantive evidence of the virus being
airborne has already been established [3]. The on-field studies inside
Wuhan Hospitals in China demonstrated the virus’s capability to diffuse
indoors and travel up to 10 m airborne [4], which projects additional
challenges when patients infected with the novel Coronavirus (SAR-
S-CoV-2) had to undergo a non-deferable surgical intervention [5].

* Corresponding author.

pressurized with respect to adjacent spaces to ensure directional airflow
driving the contamination away from the patient to prevent surgical site
infection [4,7,8]. However, the isolation condition is of utmost impor-
tance when a contagious source is inside the operating room, as the
breakdown in isolation condition results in unwanted spread of the in-
fectious agents [9]. Hence, it is important to understand the reasons for
the unwanted spread in order to maintain the adequate protection and
safety for patients and healthcare professionals. It has been shown in a
number of studies that external interventions such as occupant move-
ment and door opening can impact the flow field [10-18]. Literature
suggests the number of door openings, depending on the type of surgical
procedure [19-21], can range up to 37 to 40 [20,21], peaking during
pre-incision phase [20] for obtaining supplies, paperwork, shift change,
and communication [20-22]. Door openings are particularly crucial
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Fig. 1. (a) Chamber geometry — 3D (b) Peripheral Configuration of Sensors (c) Radial Configuration of Sensors (d) Actual Photograph from Test Chamber.

since it disrupts the isolation condition and has the potential to even
reverse the differential pressure [9,18,23]. Gustavsson [23] explored the
generation of vortices resulting from door opening [23]. Existing studies
have concluded that door openings are mass transfer mechanisms
through volumetric exchange of air [24-28]. Mousavi et al. (2016)
suggested that 5% of the air from a negatively pressurized isolation
room can be transported to the cleaner environment, resulting from
opening and closing the isolation chamber door [9].

Having established that the door movement has extensive impacts on
the existing airflow across two spaces separated with a differential
pressure, it is crucial to understand how different human and structural
factors impact the air movements. The impacts are different depending
on the type of door, opening speed and frequency [19]. For example, it is
not clear whether a swing or sliding door results in lower contaminant
transport. Lee et al. [29] used computational fluid dynamics (CFD)
simulation and conducted experiments to measure inter-zonal volume
exchange due to door opening and concluded that under the isothermal
condition, there was not much difference between a swinging and a
sliding door [29]. On the contrary, Kalliomaki et al. [30] showed that a
sliding door could reduce the alterations on the airflow [30]. Mousavi
and Grosskopf (2016) demonstrated that the speed of door operation is
inversely proportional to exchange volume across the opening through
numerical simulation study [9]. Frequent door openings have been
associated with increased contamination transfer between spaces [11].
In an experimental study by Hathway et al. [7], it was found that the
swept volume due to the swing motion of the door was almost equal to
the exchange volume [7].

Apart from air exchange, door motion is also responsible for altering
the indoor flow field in a ventilated space. In an experimental study
inside an operating room, Zhou et al. [31] demonstrated a difference in
flow patterns for the two door movements, as the air flow across the door
during the closing period was different than that during opening the
door [31]. The generation of vortices at the door tip and propagation of
those vortices through the flow field in the room was indicated by Eames
et al. [17] in their experiment involving measurements of dye concen-
trations in a mock-up room [17]. Results showed a significant airflow
structure moving along the wall, implying the existence of a separate,
near-wall flow field. Mazumder et al. [32] demonstrated higher
contaminant concentrations near moving bodies in their simulation of
an inpatient ward [32]. This result was further substantiated as both
Villafruela et al. [33] and Bhattacharya et al. [18] also demonstrated
higher contaminant concentrations associated to traffic movement

following a door opening [18,33]. The thermal boundary condition of
indoor space is affected by the opening of doors aiding in the generation
of lateral airflow movement, specifically found for displacement venti-
lation [34]. Papakonstantis and colleagues [35] measured the change in
flow vectors during door opening and closing using 3-dimensioanl ve-
locity measurements in the proximity of the door [35]. They explained
the advection of flow vortex along the wall during opening. In a
two-dimensional numerical simulation study of door opening, Bhatta-
charya and Mousavi [36], showed that the opening and closing move-
ment of the door has profound impacts on the velocity profiles and the
direction of streamlines [36]. As demonstrated through that study the
flow field recorded higher speed during the closing motion compared to
the opening. This could be attributed to velocity residuals due to the
opening phase.

In summary, the focus of existing literature has been on under-
standing the impact of door opening in the volumetric exchange and air
mixing. There has been a dearth of pertinent research on characterizing
the air mixing with respect to pressure differential and different types of
door opening exercise from actual field data. In this study, experiments
were carried out in a controlled environment with capabilities to obtain
positive pressure levels sufficient to emulate/exceed operating room
conditions. The volumetric air exchange has been characterized and
quantified under three different pressure differentials across a swinging
door for both a single and two-consequent door openings. Several pre-
vious studies have investigated the volumetric exchange between spaces
separated by a door, ensuring differential pressures at the two com-
partments from numerical simulation approach [9,29] and experimental
approach [23,30]. The novelty of this paper lies in the way it analyzed
and quantified potential contaminant migration outside the operating
room from door opening, considering the room is positively pressurized.
Although some existing studies have looked in to the changes in the
velocity field due to door opening [17,31,34,35], changes in the existing
flow field due to perturbation induced through door opening and closing
motions, and the resultant mixing of supposedly contaminated air con-
taining virulent strains from the patient, with the supplied air inside the
chamber, are holistically analyzed in this work. A novel approach to
calculate mass flow rate across a door from the measured flow velocity
and time of door operation has been proposed. This work is also unique
in the way of analyzing the flow characteristics near the door swing
periphery and the indoor mixing of contaminated exhaust air under
ventilation, due to disruptions in the principal flow direction from door
operation.
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2. Methodology
2.1. Chamber geometry

A 5.48 m x 5.44 m x 2.5 m experimental facility at the Center for Built
Environment in the University of California, Berkeley, with a swing door
of dimension 1.98 m x 0.98 m at one corner, was used to conduct the
experiments. This sealed facility was equipped to supply air at different
flow rate through overhead diffuser, wall mounted grille or through
several floor mounted baffles. The 0.3 m x 0.3 m wall-mounted diffuser
at a height of 0.3 m from the ceiling, was used for our experiments due to
the ease of flow variation through user control (Fig. 1). The supply flow
rate created a positive pressure in the room and the excess air left the
room through the gaps around the door frame.

2.2. Experimental setup

To observe the patterns and characteristics of indoor airflow and to
quantify the volumetric air exchange, emerging from two consequent
door opening and closing motions, a series of tests were conducted. To
capture the flow characteristics of an indoor space of size 5.48 m x 5.44
m x 2.5 m, at least 16 pairs of omnidirectional sensors would suffice to
cover the whole space. Instead, we had 4 pairs. With the limited avail-
ability of air velocity measuring instruments, the experiments were
conducted in several stages. Therefore, a set of sensing instruments were
deployed to obtain near-boundary data at the proximity of the door
movement periphery (Fig. 1b) 63.5 mm away from the door tip, there
were 3 locations housing the measuring instrument for 8 rounds of tests.
The sensing station P1 was closest to the door tip when fully closed and
when fully opened, the closest station was P3, with P2 exactly in the
middle. At locations P1 and P2, three sensors were mounted at equal
distances to each other, each covering a third of the door height, with
the bottom one being 0.66 m above the floor level. Only the bottom two
sensors were mounted at location P3, owing to the limited number of
available sensors.

Another set of 8 unidirectional sensors were arranged in 4 imaginary
rows, designated as R1 through R4, going inside the chamber in a radial
direction (Fig. 1c), at two elevation levels. The row R1 was parallel to
the closed door, and the sensors were at a distance of 0.1 m from the
wall, whereas the row R4 was perpendicular to the closed door, with
rows R2 and R3 making 30° and 60° angle with R1, respectively. The
measuring instruments were mounted on tripods along each row in four
locations, identified using sensor ids 1 through 4. The first sensing sys-
tem was the closest to the door tip at a distance of 0.1 m, and the sub-
sequent instruments were located in 1.0 m increments. Moreover, the
measuring instruments at the lower elevation were 0.66 m above the
floor level, which was a third of the total door height. The higher-level
sensors were placed at another 0.66 m from those at the lower elevation,
covering two-thirds of the door height from the ground. The denotation
of sensors was such that they were identified based on their elevation
and location on a row. For example, the second sensor at the lower level
(L) of row 3 is identified as RL32, or the third senor at the upper
elevation (U) of the first row will be identified as RU13.

As mentioned previously, the test setups and the perceived analysis
from the collected data were focused on understanding the three-
dimensional flow fields generated from the swing door movement.
The tiered arrangement of sensors provided the possible understanding
at two (for radial arrangements) and three (for peripheral arrangement)
levels. With the distance between the measuring stations, we were able
to follow the evolution of the flow originated from the door opening at
least until the middle of the room, given the limited number of sensors
and restricted access to the test chamber.

2.3. Door-opening exercises and initial conditions

Different sets of experiments were defined for two different door
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Table 1
Experiment conditions.
Inlet Door Average Door  Data No. of
Airflow Opening Operation Logging Repetitions
Exercise Time (s) Duration
Test Still Once 5.38 (6 = 60 s 60
1 0.21)
Test Still Twice 12.33 (6 = 60s 60
2 1.14)
Test 70% Air Once 5.52 (6 = 60 s 60
3 0.82)
Test 70% Air Twice 12.49 (6 = 60s 60
4 0.24)
Test 100% Once 5.42 (o = 60 s 60
5 Air 0.39)
Test 100% Twice 12.48 (6 = 60s 60
6 Air 0.19)

movements and three initial conditions, provided by the amount of air
inlet from the diffuser. For each experiment setup, the experiments were
conducted in sets, due to limited access to multiple sensors simulta-
neously, as expressed in the Experiment Setup section. The two move-
ments of the swing door that opened into the chamber, are defined as
follows:

1. Opening and closing the door once in a way that the door opens in
the first second of every trial that takes 2 s to complete and stays
open for a second before the closing movement completes by another
2 s, i.e., a total opening cycle of 5 s. This represents a typical door
opening by a healthcare professional.

2. Opening and closing the door twice with the first cycle finished by
second 5, then the door is kept shut for 2 s before replicating the first
cycle, i.e. opening through 2 s, keeping ajar for 1 s and closing for 2 s.
This scenario could represent a case of quick supply run to the
operating room with two immediate door operations.

During both of these settings, each trial of experiments was run for a
duration of 60 s while each test was repeated 60 times to ensure sta-
tistical consistency. For every set of experiment, the door opening was
initiated at the first second, and it was closed at the end of ~ 5s (for
opening once) or ~ 12s (for opening twice). The sensors started
recording air velocity from the start of door opening at second 1 and
continued for a minute. The door was again opened at the first second of
the next minute, and these repetitions continued for 60 min. With the
absence of any automatic door controlling device, the opening and
closing, as well as the timekeeping was done manually. Owing to this
reason, the time required for the first cycle to complete was not exactly
5 s and for double operation, not 12 s. The associated deviations for all
60 repetitions of each test based on door operation and initial condi-
tions, are tabulated in Table 1.

Three different flow regimes were identified, according to the
volumetric air flow through the diffuser, which are described below.

@ Still air — With the absence of airflow, as the fan and the air handling
unit (AHU) responsible for air supply to the chamber were not
operating, the initial steady state condition inside the experiment
chamber under this scenario was quiescent, and the supply diffuser
was shut off.

® 70% fan — The supply fan and the AHU were throttled to operate at
70% of the full capacity. With the exfiltration through the gaps
around the door frame, the manometer reading indicated a positive
pressure differential of 10 Pa between the room and outside after
steady state condition was reached inside the chamber.

® 100% fan — During this flow regime, the supply fan and AHU oper-
ated in full capacity. With 190 cfm (90 L/s) [37] air inlet, the steady
state reading of the positive differential pressure between the
chamber and outside was measured to be 20 Pa.
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Fig. 2. Data consistency.

2.4. Measurements

Two different types of sensors were used for the experiments. The
omnidirectional sensors recorded only the velocity magnitude, whereas
the ultrasound sensors logged the components of velocity in three Car-
tesian coordinates, where the x-axis was along the tangent of the arc
made during door opening, y-axis was along the radial of that arc, and z-
axis was along the normal to the floor plane. The omnidirectional
sensing system is a hot-wire anemometer type velocity measurement
transducer known as AirDistSys 5000, manufactured by Sensor Elec-
tronic, Poland. The main components included a transducer, a converter
and a transmitter. SensoAnemo5100LSF is a transducer with omnidi-
rectional (spherical) sensor with a diameter of 2 mm, measurement
speed range of 0.05-5 m/s, 0.02 m/s or 1.5% of reading accuracy of
measurement, directional sensitivity error for v > 2 m/s of 2.5% the
actual value. These omnidirectional anemometers have been previously
used in a number of studies to measure air velocity [38-42]. With a
maximum logging frequency of one data point every 2 s, these ane-
mometers are designed for low-velocity indoor airflow measurement
and are equipped with wide range of frequency response and high
sensitivity.

The ultrasound sensing system was lightweight, portable and suit-
able for indoor airflow measurements, indigenously developed in UC
Berkeley’s Center for the Built Environment. Employing a new micro-
electromechanical systems technology for ultrasonic range-finding, this
sensor uses CH-101 ultrasonic transceivers and tetrahedral arrangement
of four such transceivers was used that provided enhanced measurement
redundancy while measuring 3D velocity components. The anemometer
has a resolution and starting threshold of 0.01 m/s, an absolute air speed
error of 0.05 m/s at a given orientation with minimal filtering, 3.1°
angle and 0.11 m/s velocity errors over 360° azimuthal rotation, and
3.5° angle and 0.07 m/s velocity errors over 135° vertical declination.
For more details, please refer these papers [43-46].

The goal of this study was to analyze the air movement originated
from opening and closing a swing door to a positively pressurized

—— 1}

Fig. 3. Placement of sensors and coordinate definitions.



A. Bhattacharya et al.

Fig. 4. Cartesian and cylindrical coordinates conversion.

chamber. Since fluctuations in temperatures can generate buoyancy
driven airflow, it was important to measure such fluctuations in the air
temperature inside the chamber. The omnidirectional sensors recorded
temperature along with the velocity values. The average temperature
across all experiments was 23.7 degree Celsius, with a standard devia-
tion of 0.025, which was negligible in terms of generating buoyant flows
and an isothermal condition inside the chamber could be assumed.

2.5. Statistical analysis

As explained earlier, the sensing instruments recorded time-averaged
values of velocity magnitudes for 60 s in each experiment, which was
repeated 60 times. Those data points were averaged to obtain temporal
trends and transient velocity profiles. The collected data demonstrated
consistency at each point in time. The consistency was assessed by
relative standard error (RSE), defined as percentage of data standard
error over the mean velocity. Depicted in Fig. 2, the solid lines portray
the mean velocity for each set of experiment and the surrounding shaded
region displays the standard error bounds. It is noteworthy that the
maximum distance between the bounds are associated to the time of

Journal of Building Engineering 44 (2021) 102900

door movement cycle, probably due to the stochastic patterns in the
turbulent flow.

2.6. Mass transport calculations

Placement of sensors brought about the opportunity to calculate air-
mixture at the door due to door opening for various pressurization
scenarios. The ultrasound sensors placed immediately around the
opening radius of the door were used to measure the three dimensional
velocity of air around the door. The results of velocity measurements by
the ultrasound sensors were reported in the global Cartesian coordinates
shown in Fig. 3. A conversion of these values to a cylindrical coordinate
was convenient in order to measure the mass flow of air through the
radius of opening. Formally, the rate of mass transfer on the door swing
surface (let’s denote this surface by S throughout the paper) is m = “(11—":.
Assuming a constant density of air in ambient temperature, we have:

. dm__ dV _ dsdrdz
A

It must be noted that the tangential (ds) and vertical (dz) differential

elements do not change with time where the change of the radial term

@

(dr) with time is velocity v,. Therefore, Equation (1) will take the
following form.

m= fpv, dsdz 2)
S

Knowing that ds = Rd0 where R is the radius of the door, one can
write v, based on its vy and v, components, which is what was measured
by the ultrasound sensors(Fig. 4). Thus Equation (2) will turn to:

m= }{p R(vicos 0+ vysin 6) dO dz 3)
s

Ideally, the radial component of velocity (v;) varies as function of 6
and z, and the integral in Equation (3) can be numerically calculated to
find the rate of mass transfer through S. In our test setting however, we
only had measurements of air velocity in eight fixed points. Thus to solve
Equation (3) we assumed that velocities measured by each sensor
embodied the region around it, as demonstrated by Fig. 3.

The ultrasound sensors collected 6 data points per second, that is 12

Velocity Magnitude (m/s)

Time (s)

——— Location P1
---------- Location P3
..... Location P2

10 11 12 13 14 15 16 17 18 19 20

Fig. 5. Transient pattern of air speed from door opening and closing once (test 1).
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Fig. 7. Transient pattern of Air Speed from Door Opening and Closing Twice (Test 4).

data points from a fully-closed to a fully-open status, a total of 30 data
points for a full door opening cycle (i.e., 5 s). To match this, S was
discretized into 12 vertical sections, each covered three different mea-
surements from the vertically aligned sensors. Further, the opening de-
gree of the door(6) is also a function of time and it dictates the angular
width of S, i.e., the space that is exposed to the outside. Algorithm 1 was
used to calculate m. Note that both T; and v, are functions of time, and v,
for each piece was embodied by the sensor measurements within its
region. One can also take the integral of i with respect to time to obtain
the amount of air mixture across the door. Based on the coordinate
convention and consistent with the positive direction of v,, negative
mass flow means air leaving the room and positive mass flow means air
entering the room.

Algorithm 1. Rate of Mass Transfer

3.1.1. Door opening once

During Test 1, when the existing initial condition was quiescent air,
and there was no other movement than the door movement, changes in
three-dimensional air velocities were recorded. The transient pattern is
depicted in Fig. 5. At the onset of door opening motion, the sensing
station at P1 recorded an increase in air speed with a one-second lag. The
highest magnitude was recorded at 2.1 s, as the air with high magnitude
of velocity followed the moving door. Sensing station at P2 began log-
ging an increase in air speed from second 3.5, reaching max during
opening at second 4.5 and again peaked during closing at second 5.3. It
is noteworthy that the magnitude was higher during closing compared
to opening motion. During the opening motion, the initial condition is
still air. But while closing, the air in the chamber had a presupposed
motion resulting from door opening. Closing the door created a motion,
reversing the direction of the previous one, probably affecting the
change in velocity. At location P3, there is an initial surge, possibly due

Algorithm 1 Rate of Mass Transfer

Let S be discretized into n equal vertical pieces of < s1,.

N = 30 timesteps (i.e., 5s).
fort=1,2,...,N do

..,8p > and a full door opening cycle take

define T, vector (initially zero) to determine the exposure of each piece to the outside

if t <12 then
T(1:t) =1 :opening cycle
else if ¢t < 18 then
T(1: end) =1 :hold-open cycle
else
T(1:t—18) =1 :closing cycle
end if
end for
m=30 T

3. Results and discussion
3.1. Transient flow patterns

The temporal patterns of air movement at the sensing stations near
the door swing periphery were analyzed using the Cartesian velocity
components, obtained from the ultrasound sensors. These sensors re-
ported 6 data points of velocity components per second at every
location.

to the impetus exerted by the door opening that carried the previously
stagnant air quickly to the wall. During closing, the moving door is
extracting the air inside the chamber, and the wakes following the
closing door were recorded at location P3, which showed a peak quickly
after closing motion was complete. Fig. 5 demonstrates these changes in
velocity magnitude plotted against time.

Even though the magnitude of air had significant patterns that
correspond to the door opening and closing duration, the velocity
components obtained from the ultrasound sensors led to a deep analysis
of door movement. At the beginning of door opening, the moving door
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was pushing the still air inside the chamber, which was recorded as a
surge in velocity in the positive x-direction (as shown in Fig. 3) and for a
small duration, a negative y-component (normal to the door opening
direction at t = 0 s) of the velocity was detected in location P1. As the
door continued to open, air wakes were carried with the door, and the y-
component of velocity was recorded as negative at point P2, as at this
point the principal direction of air movement was opposite to the
defined y-axis. Moreover, the x-components of velocity was flowing
towards the inside of the chamber, i.e., positive x-axis. At location P3,
when the door was completely open, the generated wakes were being
carried by the swinging door, the y-component of velocity was found to
be in the negative direction and as the door started closing, this
component became positive. At the end of door opening, the moving air
came across and moved along the wall perpendicular to the closed door,
and a surge of velocity in the positive x direction was recorded. While
closing, the door dragged the moving air back with the wakes generated,
principally at the direction of negative x-axis and positive y-axis, as
recorded in measuring units located at both P3 and P2. This change in
the direction of x-component and y-component while opening and
closing is distinctly identifiable in Fig. 6 The increase in velocity com-
ponents was prevalent until second 15. After the door was fully closed,
all components of velocity became stable and near zero, as the air near
the door became motionless while the flow field approached steady state
given the absence of any further disturbance.

During Tests 3 and 5, air was being supplied in the room, creating a
positive pressure inside the chamber. With the supply fans operating, as
soon as the door opened, air started moving outside, captured as an
increase in negative x-velocity at location P1. But the movement of the
door, opening against a large differential pressure, displaced a large
amount of air, which was captured by the increase in velocity compo-
nents in the positive y direction at this point in space. The existing air
inside the chamber was being pushed during the opening movement,
being recorded as positive in the x-direction and negative y-component
at the middle of the door movement curve. With continued opening
motion of the door, there was more space for the positive pressure to
push the air out of the chamber, resulting in the increase in negative x-
component of the air velocity. Analogous to the test cases with still air, at
the end of the opening motion, the wakes generated was pushed inside
the chamber, surging the positive x-component and negative y-compo-
nent at the end of opening cycle, at location P3. But due to the positive
pressure, coupled with the closing movement of the door, the prevalent
air movement due to the opening motion was reversed quickly. Even
though the results obtained with fan operating at 70% and in full ca-
pacity were similar, higher quantities of supply air (i.e., higher pressure
differentials) resulted in comparatively less significant changes in the
flow fields inside the chamber due to the door movement. Lower mag-
nitudes of velocity was observed, and the x-component of velocity was
consistently negative, implying almost no air entering the room under
this condition (Fig. 6).

3.1.2. Door opening twice

The experiments that consisted of two consecutive opening and
closing cycle, the first cycle of door opening, and closing was analogous
to those of the experiments involving single door opening and closing.
For the test with no ventilation (Test 2), the sensor at location P1
recorded the increase in velocity instantaneously, peaking at close to 3 s
for the first time opening. Instruments at location P2 also recorded the
surge for opening and then a higher magnitude during closing at around
3.5 s and 5.3 s, respectively, for the first round of door operation. But,
during the second cycle of door opening - closing, the speed recorded
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X Still air = 70% fan (DP=10 Pa) 100% fan (DP=20 Pa)
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Fig. 8. Mass flow rates in kg/s during door opening for various test conditions.

was higher compared to the first cycle, owing to reasons attributable to
the interaction of the repeated motion with the residual movement from
the first cycle. Fig. 7 shows the immediate rise in air velocity, recorded
by the measuring device in location P1, followed by P2 and P3. The
closing motion that followed the door opening, and then another set of
consecutive opening and closing for the second cycle stirred the stagnant
air, that resulted in higher velocities. The surge in velocity magnitude
for the second time door operation was apparent visible for both Tests 4
and 6, as depicted in Fig. 7 for Test 4. Interestingly, significant changes
in velocity magnitude was recorded up to 10 s for Test 2, and 15 s for
Test 4 and 6 after the door movement was stopped.The 3-dimensional
velocity component data, obtained using the ultrasound sensors,
revealed more details regarding changes in air flow patterns when two
swing door opening occurred consecutively. The data demonstrated
similar behavior of air flow patterns during the second cycle of door
operation, when compared to the first cycle, with different magnitudes.
During tests with door-opening twice, i.e. Tests 2, 4 and 6, further
changes along the time in the transient trends were detected than what
was captured during Tests 1, 3, and 5. For the experiments with venti-
lation on, at the onset of second door opening, the negative v, from the
residual motion is quickly reversed, owing to the directional flow
gushing out through the open door. The existing motion of v, was also
reversed for a short while as the swing of the door dragged the air flow
opposite to the existing residual flow from the previous closing. During
closing, flow along the wall perpendicular to the closed door, was
recorded as a positive surge in the x-component and the flow wakes
carried by the closing door was responsible for the positive y-compo-
nents. After the door was closed, the leaking air through the gaps of the
door was able to maintain a negative V, with a magnitude ~ 0.2 m/s.

3.2. Mass flow

As discussed earlier, the opening of door had significant effects on air
mixing across the door. In the absence of pressure differentials across the
door, air mixing took place both ways. Initially, air entered the room
following the inward door swing ( < 1.0s). Immediately after, the room
air made up for the temporary vacuum created by the large boundary
movement by leaving the room and creating vertices at the tip of the
door (~ 1.5s). Then air from the outside began to entrain into the room
until the closing cycle started (~ 3.5s). Then the closing door pushed air
out of the room (~ 3.5 — 5.0s) (Fig. 8). Air velocities inside the room
approached background values nearly 10s after the door was completely
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Table 2
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Total amount of air exchange (kg) across the door for different pressure differentials and door openings.

Door opening Case Still Air (AP = 0 Pa))

70% fan (AP = 10 Pa)

100% fan (AP = 20 Pa))

entering air exiting air net entering air exiting air net entering air exiting air net
Opening once 3.38 —2.82 0.56 2.5 —7.53 —5.03 0.00 —7.58 —7.58
Opening Twice-First Lap 4.41 -3.88 0.53 0.63 —6.40 -5.77 0.09 —8.85 -8.76
Opening Twice-Second lap 4.09 —4.93 —0.84 0.12 —4.70 —4.58 0.94 —8.81 —7.87

shut. This intermittent pattern of mass flow rate was observed in all
three cases, namely when the door was opened once, and both laps of
opening twice.Slight differences in air velocities right before door
opening started (i.e., slightly different initial conditions) resulted in
respective variations in the data, yet the overall pattern indicated that
the effect of door opening could prevail these small differences in the
flow. Furthermore, the absence of pressure differential facilitated the
mixing of air both ways, though the total air exchange was nearly zero.
These patterns changed dramatically by introducing positive pressure as
the inward patterns followed by the door opening (2 — 3.5s) where
suppressed by the positive pressure. In the presence of positive pressure,
the ’balanced-mixing’ across the door was changed to a ’directional
pathway’ from inside the room outward (i.e., negative mass flow rate
values). Increasing pressure differential resulted in more pronounced
directional pathways.

Areas under the curves shown in Fig. 8 indicate the total transport of
mass (kg) across the door (Table 2). To put this in context, for AP = 20Pa
nearly 8.5 kg of air leaves room per door opening, which is equivalent to
7.5 m® of air when divided by the density of air (p = 1.125 kg/m°).
Literature shows that, on average, the operating room door is operated
once every 3 min [19].Therefore, during 1 h of an average surgery 20 x
7.5 = 150 m® of air can leave the operating room. This is twice the
volume of the test chamber, meaning that nearly 2 ACH of air escape the
operating room and enter the adjacent corridor only due door openings.
This number is equal to the ventilation rate required for patient corri-
dors by Standards [47]. This air, if contaminated by the SARS-COVID-2
virus, can potentially spread into the adjacent corridors and jeopardize
the safety of the medical personnel in the hallway.

3.3. Spatial distribution inside chamber

The data obtained from the peripheral ultrasound sensors indicated
the behavior of the flow fields near the movement zone. The radial
arrangement of the omnidirectional sensors provided the data to analyze
spatial distribution of the wakes inside the chamber. The dissipation of
velocity fields showed the impact of the door movement could last long
after the door movement ceased.

Fig. 9 compare the velocity fields in the test chamber for standalone
and consecutive door opening exercises, with the supply fan on working
mode. For Test 3, at the initial periods of door opening, the isometric
lines with higher velocity fields are concentrated in the movement zone
and spread through the space with time. Two seconds after the door
closure for Test 3, areas with significant velocity magnitude ( > 0.1 m/s)
were found up to 2 m from the tip of the door into the chamber. By 10 s
after door closure, this field with velocities > 1 m/s penetrated 4.5 m
inside the chamber.

During Test 5, when the supply fan was operating at the full capacity,
the interaction between the external movement generated wakes and
the high-velocity supply air resulted in a rise in the air speed, more than
all the previous tests. Nearly everywhere in the chamber recorded ve-
locity magnitudes greater than 1 m/s after 14 s of door closure, at which

time, the maximum air speed recorded was 0.5 m/s. At second 23, 4 m
inside the chamber, a maximum air speed 0.25 m/s were present.
Starting from second 29, the fields started to shrink and by second 39,
the maximum speed reduced to 0.14 m/s.

When the test setting involved movement of the door twice, for Tests
4 and 6, the magnitude of the velocity fields was found to be slightly
increased compared to Tests 3 and 5, respectively. Data obtained during
Test 4 showed that the wakes with velocity up to 0.12 m/s was present
nearly 4 m inside the chamber. Even after 23 s since the first door
opening began, > 1 m/s magnitude of velocity was measured at a dis-
tance of 4.75 m from the door.

During Test 6, by second 19, the maximum velocity magnitude inside
the chamber was 0.6 m/s, owing to potential turbulence during
consecutive door movements. From second 29, the supplied airflow
started to push the wakes towards exit, but velocity magnitudes were
present deep inside the chamber even at second 35.

It should be noted that the heatmaps presented in Fig. 9 were created
considering zero slip condition at the walls. The known location and
magnitudes of velocity, obtained from the radially arranged omnidi-
rectional sensors, were interpolated to find the velocity values in the
chamber that was discretized in a grid of size 110 x 109, where a square
grid dimension was 5 cm.

4. Limitations

This paper aims to study the impacts of door opening in a positively
pressurized chamber, which was hypothesized as an operating room
where a COVID patient is to be receiving surgical intervention. Air
mixing across a swing door and the resultant alterations in velocity field
inside the chamber have been studied. It must be noted that the chamber
used in this study was significantly smaller than a typical OR and the
positive pressure magnitudes were higher than those recommended by
Standards. Several previous studies have investigated the volumetric
exchange between spaces separated by a door, ensuring differential
pressures at the two compartments from numerical simulation approach
[9,29] and experimental approach [23,30]. Experiments were repeated
60 times to ensure consistency and repeatability of the outcomes. Due to
the large number of tests and restricted availability of the test facility,
only two-scenarios of the door opening and closing cycles could be
defined. At the time of these experiments, the ultrasound sensors were
not fully commercialized and hence very few (17 out of 900 data points)
unreasonable data logs (velocities greater than 2.5 m/s) were recorded,
which were discarded during data analysis.

The possibility of a virus growth can be related to the humidity level
in an indoor environment. In these sets of experiments, the relative
humidity levels inside the test chamber was not measured, as the pur-
pose of the study was to quantify the flow properties and understand
their patterns. Future studies on the alterations of the relative humidity
ratio could provide meaningful understanding of how SARS-CoV-2’s
viability alters with the flow properties.
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Fig. 9. Spatial distribution of velocity fields.

5. Conclusions

This experimental study was conducted in a sealed chamber with the
capabilities of fresh air inlet at rates that generated sufficient positive
pressure required for spaces like operating room. This study indicated
that the transient change in the velocity field from door opening and

10

closing were location specific — the points closest to the door tip
responded to the changes quicker than those located farther, e.g. point 1
of the radial arrangements recorded changes quicker than point 4.
Different points (P1, P2, and P3) in the vicinity of door swinging radius
were also found to respond according to the door’s position while
opening or closing.
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Emulating the opening and closing movement twice resulted in
further increase of the flow velocity. During opening the door for the
first time, disturbances are introduced to the quiescent air inside the
chamber. While closing, more disturbances are introduced to an existing
velocity field, that resulted in increased the velocity components. For
Tests 3 and 5, i.e. one-cycle of door opening under ventilated condition,
lower magnitudes of velocity were observed when compared to Test 1.
The existing airflow suppressed the effect of door opening on the indoor
flow fields. The second cycle of door movement interacted with the flow
field under an existing motion exerted by the first cycle of door opera-
tion. Hence higher magnitude velocity components were recorded dur-
ing Tests 2, 4, and 6, compared to Tests 1, 3, and 5.

The spatial distribution had provided insights about unwanted air
mixing due to secondary velocity fields originating from door move-
ment. The increase in air velocity inside the chamber was due to the
wakes carried by the moving door in the background air. These wakes
dissipate through the chamber and as they penetrate further into the
chamber, the velocity field continued to decrease, due to the lost mo-
mentum during transfer between air molecules. But with supply fan
working, the interaction between the primary flow field due to inlet air
and the secondary flow fields due to door opening was higher and
reached very far inside the chamber. Results from door opening twice
indicated that with increased number of door operation, the secondary
fields were stronger, and the increased interaction resulted in deeper
penetration of wakes inside the chamber. These findings suggest that
even with high quantity of supplied airflow, the door operation can
disrupt the predominant flow pattern and the perturbation is capable to
sustain long after the door was closed carrying high velocity air deep
into the chamber. In a positively pressurized operating room with a
contagious patient, this kind of air mixing is undesirable as the direc-
tional airflow from positive pressure differential is aimed to carry the
contaminated air out of the facility.

A large proportion of this work was aimed at quantifying the air
escape from the positively pressurized operating room due to door
opening in order to gain insights about risks of air potentially contam-
inated with SARS-COVID-2 putting healthcare providers at risk. This
study found that with inlet air flow rate of 190 c¢fm (90 L/s), 7.5 m? of air
can leave for every time the swing door is operated. This translates to
almost 2 ACH of air escaping during a typical surgical procedure, car-
rying contagions to the adjacent spaces. The future research should
focus on utilizing the results of this study to imitate real-time operating
procedure involving sporadic door opening, for further validation.
Optimization of positive pressurization and exhaust locations for such
sensitive procedures involving pathogens such as SARS-COV-2 is also
one of the principal future research directions.
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