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Elevators play an essential role in keeping
people around the world on the move, every
day. However, the global COVID-19 pandemic
has created some concerns around the relative
risk of infection in shared common spaces,
including elevators. Early in the pandemic,
stories began appearing in both popular

and scientific publications, raising questions
about riding in elevators, based on the
understanding of airborne transmission as a
critical means of disease spread and, at least in
part, the misperception that elevator cabs are
sealed spaces with limited airflow.

Elevators are, in fact, well-ventilated spaces.

By code, elevators are required to have
openings for ventilation. Together with fans
that are commonly present in elevators, these
openings provide a high level of air exchange.
Exposure time to the air and other people in an
elevator is also limited due to the short duration
of the elevator ride - less than two minutes on
average for the highest rise buildings and on
the order of 30 seconds for many rides. While
this knowledge and a simple analysis suggest
that airborne transmission of aerosols and
particles in elevators is much lower compared
with many other common spaces, it does not
take into account the dynamics of specific
situations including passenger flow, ventilation
rates, cab sizes and mitigation strategies
including masks and air purification.

Every elevator riding scenario is different,
with multiple variables that are important to
the movement of people, air and elevators.
To understand the impact of these dynamics
and support our customers and the riding
public with science-based information and
solutions, Otis commissioned a three-month
elevator airflow research study. The study
focused on understanding the relative risk of
COVID-19 exposure in elevators. We set out
to answer questions around how mitigation
strategies impact how using elevators
compares with other situations in which we
find ourselves. More specifically, the research
team undertook the study to:

e Evaluate transmission risk of airborne
particles infected with SARS-CoV-2 (the
virus that causes the disease COVID-19)
when taking an elevator

¢ Study different elevator design parameters
—including fan speed - that could have a
major impact on the exposure risk

¢ Identify the impact of mitigation strategies
and methods

e Compare the exposure risk of an elevator
with other enclosed spaces, such as an
office or a city bus
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The research was led
by Dr. Qingyan (Yan)
Chen, the James

G. Dwyer Professor
of Mechanical
Engineering at
Purdue University,
who is widely
recognized for his
research into the
spread of infectious
disease through indoor air systems — and how
to prevent it. Dr. Chen and his team worked
closely with the Otis team.

The investigation used state-of-the-art
multizone modeling to simulate airflow
between zones across the envelope of a
building, and computational fluid dynamics

to simulate particle dispersion during a two-
minute elevator ride compared with time spent
in other common spaces. For the elevator

ride we modeled multiple scenarios, including
particle dispersion when the doors open as
passengers get on and off the elevator.

Coupled with what we already know about
elevator design and operation, the findings
of the study show that riding in an elevator
is a relatively low-risk activity. The research
has shown that the higher the level of air

exchange, such as that provided by higher-
flow elevator fans, the lower the exposure
risk. When considering relative risks between
common indoor activities, the study found
that the elevator ride is comparable to a
short time in an office or bus. However, when
you consider the longer average duration

of a stay in a bus or office compared to an
elevator ride, we observed significantly less
relative exposure risk in an elevator.

In addition, mitigation strategies were

shown to reduce the risk even further. Proper
mask usage cut the potential risk in half, air
purification via needlepoint bipolar ionization
(NPBI) reduced risk 20-30% and combining
the two strategies resulted in a 60-65%
reduction in relative exposure.* While the
calculations themselves don't vary, the results
of the calculations do vary depending on ride
time and riders’ positions in the elevator.

This study and its findings are just one part
of the Otis commitment to keeping elevator
passengers well-informed throughout the
COVID-19 pandemic and into the future.

We are continuing to support our customers
with both behavioral guidance and
multilayered technology solutions, and we're
dedicated to pursuing additional research to
enhance our collective understanding of risk.

Proper mask usage cut the potential exposure in half, air purification
via needlepoint bipolar ionization (NPBI) reduced risk 20-30% and
combining the two strategies resulted in a 60-65% reduction in risk.*

*For comparison details and more information, see page 16
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coronavirus

As the world continues to navigate the COVID-19 pandemic and societies look for ways to resume
aspects of everyday life, experts across disciplines recognize that there is no “silver bullet.” A
risk-based approach, informed by science, is needed to recommend reasonable control measures
for each situation (Defile, 2020). Risk level is based on the intensity, frequency and duration

of exposure. For each application the level of exposure via airborne means or physical contact
may be different. Not all applications can be easily compared without using a combination of
techniques and different disciplines.
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INTENSITY FREQUENCY DURATION RISK LEVEL
OF EXPOSURE OF EXPOSURE OF EXPOSURE OF EXPOSURE

Through a risk-based approach, we are able to determine and prioritize elements of a layered
strategy that encompasses both behavioral and technology recommendations, each with varying
levels of effectiveness and disruption.

HIERARCHY OF CONTROLS AS APPLIED TO SARS-COV-2

Only leave for essentials,
like groceries

Most
effective

Adapted from controls framework originally
proposed by Joseph G. Allen at Harvard's

T.H. Chan School of Public Health and John D. Least
Macomber at Harvard Business School effective

Masks
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These broad principles are applicable in the
case of elevators. As we look to address
concerns around the relative risk of exposure in
an elevator, several factors and scenarios need
to be balanced to achieve a range of positive
outcomes and solutions for our customers

and the riding public. We need to account for
the dynamics of not just the elevator but the
building environment and people’s behavior.
Understanding relative risk and how to
integrate different layers of control methods
and solutions are key.

Behavior
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When considering responses to the current
pandemic, these solutions primarily focus
around four key areas:

* People and elevator movement
* Guidance for safe riding
* Exposure risk mitigation

¢ Advanced technology solutions

Additional considerations are driven by the
vertical movement of the elevator, the opening
and closing of doors, and the movement of
people in and out of elevators, all within a
reasonably small enclosure volume. Further,
these factors must be viewed in the context

of what science tells us about how COVID-19
travels through the air.

EXAMINING COVID-19 TRANSMISSION

The World Health Organization (WHO), Centers
for Disease Control and Prevention (CDC)

and other experts indicate multiple modes of

transmission for the novel coronavirus, SARS-
CoV-2, which causes the disease COVID-19.

Emerging science and evidence seem to
support that airborne transmission may

be more critical than surface-to-surface
transmission (WHO and Mandavilli, 2020).

With the increasing emphasis on airborne
transmission, the emphasis on indoor air quality
and airflow continues to grow.
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Airborne viruses
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QA 5
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Susceptible

Inhalation

» Inhalation =

/ » Nose/mouth
touch

Adapted from Tellier et al. 2019. SMC Infectious Diseases, 19:101

Airborne transmission either via large droplets
or small aerosols depends on the particle size
and the amount inhaled. Different quantities of
particles are exhaled during different situations.
Breathing spreads fewer but smaller particles
than speaking, and speaking may spread
larger particles than coughing. The amount of
time spent breathing, coughing or speaking is
important, as well as the distance and duration
spent in close proximity to an individual and
the airflow of how the particles move in space.
The intensity of the exhalation, duration you
are in proximity to an infected individual and
frequency of contact may all contribute to the
relative risk of infection spreading.*

It is not just the number of particles in the air,
but the impact of where these particles go and
whether they are inhaled and rest either in the
upper or lower parts of your lungs. We can
model the particles and air, but we also need to
take into account the relative accumulated dose
of the particles for an individual in different
scenarios. It is not necessarily sufficient to
study airflow alone, but understanding the
concentration and distribution of the potentially
infected particles dynamically at different times

in different situations gives us a more accurate
assessment of risk.

Many quick analyses may look at perfectly
mixed air and simplify the situation. However,
analyzing the movement of the air, the
movement of the people and the movement
of the elevator together provides more detail.
For a complete analysis, further work could
include detailed study of surface-to-surface or
fomite transmission.

There are multiple ways to analyze airborne
transmission and the spread of the virus using
techniques from public health and medicine,
engineering, mathematics and statistics,
network theory and many more fields.

Exhalation type  Droplet diameter (um) Number of droplets

@ Coughing
particles per cough
Speaking
particles for speaking
(counting 1-100)
@ Breathing |_6'4(_| 525 per breath

Based on Chao et al. 2008. Aerosol Science 40:122-133

*A recent study shows that virus concentration is different in various sized particles. For example, virus concentrations are typically higher in the finer particles generated deep within the lungs and
throat, which can be expelled through coughing. Conversely, particles generated from speaking mainly consist of saliva, which can contain lower virus content.
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In examining the relative risk of COVID-19
exposure in elevators, the science around
airborne transmission of particles points us

to a focus on airflow. Though relatively small,
modern elevator cabs are well-ventilated spaces
with systems for circulating the air frequently.

By code, openings for ventilation are
v—| required for all elevators

Exposure time is minimal due to a
short average cab ride

—
=

Elevators have a high level of air
exchange, lowering exposure levels

Elevators have required ventilation standards.
By code, openings are required for natural
convection, and the majority of elevators have
fans or can easily be retrofitted to have fans.
Elevator fans are often sized to provide one
air change per minute - or 60 air changes

per hour. Air changes per hour (ACH) are

a measure of the air volume added to or
removed from a space in one hour, divided
by the volume of the space. Higher values
correspond to better ventilation.

By North American elevator code, cabs

must provide 3.5% of the platform area as
ventilation openings for convection purposes
(American Society of Mechanical Engineers,
2019). European code EN81-1, which is

applied in much of the world, requires
2.0% ventilation, still a significant amount
of opening regardless of cab configuration
(British Standards Institution, 2014).

A SYSTEM WITHIN A SYSTEM

When considering an elevator ride, we
consider the air and space the passenger
encounters in the elevator cab itself, the
hoistway or shaft in which the elevator travels,
and the other parts of the building where
people are moving. The opening for the fan
and the opening around the doors may be
included in the calculation. These openings
provide inlets and outlets for convective
transfer of passive airflow and aid when more
active ventilation is present. Depending on the
complexity of the building, additional factors
including pressurization, fire considerations
and more sophisticated HVAC systems should
also be considered, as well as air movement
between the elevator and the lobby or floors
at different stops.

W

Exhaust configuration

Inlet configuration
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An understanding of elevator systems, ventilation and design, along with the nature of COVID-19,
suggests that the relative exposure risk in elevators is lower compared with many other common

spaces. However, it does not take into account the dynamics of specific situations including passenger
flow, ventilation rates, cab sizes and mitigation strategies including masks and air purification.

To understand the true impact of these dynamics, Otis commissioned a team at Purdue University
to conduct a study focused on understanding the relative exposure to COVID-19 in elevators. The
study focused on airflow and investigated the impact of ventilation rates and types, purification
technologies and interventions including masks in elevator environments.

/T Ventilation
A ,j rate

INTRODUCTION TO AIRFLOW MODELING
Airflow is complex. It can be modeled in a
computer and by measuring actual airflow

in an experiment. In order to study multiple
scenarios and variables quickly, computer
modeling is often recommended. The
computer modeling and numerical simulation
methods used in this study are at the cutting
edge in the state of the science.

For a single enclosed space, computational
fluid dynamics (CFD) is the most powerful
airflow and contaminant modeling tool. CFD
has been widely used because it can provide
informative and accurate results of transient

A Cab configuration,
Ventilation type studying the most
GOD and the direction opular cab sizes
the fan blows pop o

with some variations

Impact of purification

Impact of .O(]™~ technologies,
@ proper mask o]  specifically
usage ‘0 U™~ needlepoint bipolar

ionization (NPBI)

particle transport in enclosed environments.
There are two parts of CFD modeling on
contaminant transport: airflow modeling and
particle/particle modeling.

To obtain the information of airflow
distribution, CFD numerically solves a

set of partial differential equations for

the conservation of mass, momentum
(Navier-Stokes equations), energy and
turbulence quantities. The solution includes
the distributions of air velocity, pressure,
temperature, turbulence parameters and
contaminant concentration.
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To best simulate the elevator environment,
we used a multizone model, as it is applied to
multiple rooms connected with openings such
as doors, windows and cracks. The multizone
models also assume each zone to be a well-
mixed space. Although the assumption that
uniform air contaminant concentration in

a zone may not be valid, it is sufficient for
simulating airflow through cracks between

an elevator cab and hoistway and between
hoistway and lobbies. This is because the
uncertainties in those large spaces are very
high. The airflow through the small openings
is more important than the uniformity of virus
concentration distribution.

The Reynolds-averaged Navier-Stokes

(RANS) models are the most popular CFD
models. RANS models solve the mean air
variables, such as air velocity, air temperature,
etc. and model turbulence properties by
solving turbulence transport equations. For
indoor airflow modeling, Zhang et al. (2007)
recommended the RNG k-€ model after

Computer model with Data transfer between

Particles visualized &
result quantified

Air direction &
velocity results

Multiple scenarios
considered

reviewing and comparing many models. The
model was selected for the present study.

Although this research did not include
experimental measurements, the numerical
simulation technique was based on validated
tools. For example, we used the Lagrangian
model in CFD to simulate particle dispersion
in a clean room (Murakami et al., 1992). We
also compared the simulated and measured
particle concentration distributions. The
results of Lagrangian calculation were

based on a sample size (i.e., the number of
trajectories) of 100,000. The results are in
reasonable agreement with the experimental
data. The Lagrangian particle tracking
method could introduce uncertainty into
particle concentration calculations. When the
particle number is low, the predicted particle
concentration may not be a stable solution
due to the random factors used in the model.
This could be seen in the results obtained in
this project.
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STUDY MODELING METHODOLOGY

Using the multizone computer modeling and numerical simulation methods outlined above, the
study set out to examine potential exposure risk by simulating various elevator ride experiences.
To consider the whole process when taking an elevator, we assumed an elevator ride scenario in
a commercial building with 35 floors. Among the six riders, two riders left the elevator on floor
10, another two left on floor 20 and the other two on floor 35. One of the two to floor 35 was

an index patient, shown by the red color in the following figure. The longest trip took about two
minutes. This typical building and representative elevator journey allowed us to isolate variables
and determine that the exact details of elevator speed or path were not as important as total
time in each space.

Generic building

I The final two
passengers, including
e the infected index
& < patient, exit the
" elevator on floor 35
Exhaust/Supply
/ T Two more
G 0’ passengers exit the
= < <9 elevator on floor 20
/ T Two passengers
< Q- o) exit the elevator
& [ > 3 5 on floor 10
Index patient
- >G-o>
(>0 L s

Elevator

D —

This investigation used the multizone model, ContamW, to simulate airflow through cracks between
an elevator cab and hoistway and between hoistway and lobbies. The results of the multizone
airflow modeling were used as a part of the thermo-fluid boundary conditions for detailed
simulations of COVID-19 virus particle transmission for the elevator ride. The detailed simulations
used the previously described CFD technique with the Lagrangian method for particle dispersion.
The simulations of the two-minute elevator ride were further divided into eight sub-cases for
considering the changes of flow domains in the elevator ride. The particle and airflow distributions
of the previous sub-case were used as initial conditions of the current sub-case to ensure smooth
transfer of the data for accurate simulations of particle transmission in the elevator ride. The CFD
used was Reynolds-averaged Navier-Stokes equations with RNG k-¢ turbulence model built in

the ANSYS Fluent computer program. ANSYS Fluent is one of the more sophisticated CFD codes
available and is commonly used for advanced computer simulation.
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This investigation considered mainly the This study investigated particle sources
transmissions of airborne particles that were generated by an index patient through breathing
generated by breathing of the index patient. and coughing. For breathing, the numerical

Each breathing cycle lasted four seconds simulation used an average particle size of 0.4
and generated 525 particles with an average pm in diameter, with 525 particles per breathing
diameter of 0.4 pm. The research also studied cycle. Each breathing cycle lasted four seconds.
a coughing case when the index patient For coughing, this study used 16 different
coughed once when entering the elevator. particle sizes and numbers as shown in the figure

below (Chao et al., 2009). The total particle
number per cough was 1,951. In addition, flow
boundary conditions for breathing through the

nose and coughing through the mouth were
* Ventilation rate of 350 cfm, 150 cfm and 55 from Gupta et al. (2011).

cfm and infiltration rate of 36 cfm

The impact of different elevator design
parameters on the particle transmission was
also studied:

04
e Air blowing in and air blowing out 0.35
* Wide elevator cab and deep elevator cab 0.3+
. . 0.25
Since the study used particle number or 2
. . . . = 0.2
particle mass inhaled by susceptible riders B o145
as the evaluation criterion, it could not show ;)1 i
the absolute risk. Thus, we compared the 0 (;5 i
exposure level to the particles in the elevator '

; ) ) . 0 ) ) '
ride with that in an office and a bus. 1 10 100 1000

Size (Microns)
Particle size distribution for coughing from Chao et al (2009) study

1200 AIR PURIFICATION MODELING
-oe- Experiment To estimate the accumulated particle dose by each
1000 - susceptible person, this investigation developed a user-

—*— Exponential model defined function (UDF) to calculate accumulated particle

numbers through equations for accumulated particle
mass in the breathing zone of each person, which were
outputs of the CFD simulation. The breathing zone was a
sphere space centered on the nose of each person with a
radius of 0.2 meters.

! In addition to accumulated particle dose under various
12  rider and airflow scenarios, the study also used modeling
Time (Mins) to simulate the impact of needlepoint bipolar ionization
(NPBI) as an air purification strategy. A similar UDF was
developed to model the effect of the air purification.

NPBI efficiency curve
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The study findings show that elevator travel

is a relatively low-risk activity. The high level
of air exchange in an elevator lowers the risk
of exposure, showing it to be comparable to
a short time in an office or a bus. Mitigation
strategies including masks and air purification
using needlepoint bipolar ionization
demonstrated a further reduction in risk.

VENTILATION AND EXPOSURE

Due to the short duration of the elevator
ride, elevators with high ventilation rates
represented lower exposure risk. Although
breathing generated particles continuously,
the number and size of the particles

were lower than those from a cough. The
accumulated particle mass dose of the
susceptible riders for the coughing case can
be 6 orders of magnitude higher than those
for the breathing case.

The higher the ventilation rate, the lower the
accumulated dose could be. However, this was
not always the case because in a few cases
the nonuniform distributions of the particles
could cause a higher dose even with a higher
ventilation rate. A deep cab could trap the
particles inside the elevator. The air supply
direction also had an impact on the particle
dispersion in the elevator cab.

The exposure to the particles in the lobby
of floor 1 was low in this case because the
ventilation of the HVAC system and thermal

plumes from the riders would cause the
particles to disperse. The movements of

the riders could entrain some particles in

their wakes. The particle distributions in the
elevator cab were highly nonuniform. The
person who stood in front of the index patient
had the highest exposure, and the person who
stood on the side of the index patient had the
highest accumulated particle dose due to the
longest exposure.

6
<
M
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© 3
= 2
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€
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o1
<
0
55 cfm 150 cfm 350 cfm
~11 ACH ~31 ACH ~72 ACH
2 mins$ 2 minst 2 mins®

Elevator ventilation fan speed ——>

ACH: Air changes per hour measures the air volume added or removed
from a space in one hour, divided by the volume of the space. Higher
values correspond to better ventilation.

$Study simulated scenarios of 2 minutes to assess maximum risk. Average
cab ride is generally <1 minute.

*Accumulated dose is the amount of virus a person is exposed to and
depends on intensity, frequency and duration of exposure.

Environmental factors (e.g., coughing, talking, rate of breathing, physical
activity, cab configuration, etc.) may impact the overall exposure of an
individual.

Results illustrate maximum exposure for riders for 2-minute ride without
any mitigation, such as properly worn masks by all riders or added
purification/ventilation (see table on next page for average, maximum and
minimum results in more scenarios).
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COMPARISONS WITH OTHER ACTIVITIES

To better understand the true nature of the risk in
an elevator, the study compared the quantitative
results of accumulated dose in elevator scenarios
with that in other common spaces and activities
associated with office work. More specifically,
we examined a bus with varying levels of air
quality and an office environment. The focus

is on the risk tied to airflow, with air exchange
identified as a key factor.

The accumulated particle dose in a well-ventilated
elevator with 350 cfm flow was equivalent to
spending only four minutes in an office with 5

ACH clean supply air. Even for a poorly ventilated
elevator with 55 cfm flow, the dose for the ride
was the same as a 15-minute stay in the office.
The bus with 10 ACH outside air was relatively
low risk, but the bus with 90% of recirculated air
posed more than 25 times the risk of the elevator.

When we take into account the duration of
these activities, elevators become significantly
lower risk by comparison. As noted, the average
elevator ride lasts less than two minutes. An
eight-hour day in an office or an hour on a

bus was shown to yield exponentially higher
accumulated doses.

Relative risk of exposure and airflow impact for typical common spaces

4,oo$

ACH: Air changes per hour
measures the air volume

] added or removed from a
;E/ 500 space in 1 hour, divided by
& the volume of the space.
5 400 Elevator Higher values correspond
° 300 to better ventilation.
lg § Study simulated
§ 200 Lower scenarios of 2 minutes
E 100 L . eXPPSU re to assess maximum
- risk risk. Average cab ride is
0 - = generally <1 minute.

B

5 ACH
8 hr day

=g

Recirculated air
1 ACH (+9 ACH)

1 hr commute

=y

Fresh air
10 ACH

1 hr commute

Airflow direction |Flow rate |Cab type* |Intervention

*Accumulated dose is the
amount of virus a person is
exposed to and depends
on intensity, frequency and
duration of exposure.

[Tk

No fan/Low-rise
~7-~11 ACH

2 mins®

[Tk

Mid- to high-rise
~72 ACH

2 mins®

*The wide cab was 2.00
m wide, 1.65 m deep and
2.50 m high and had 3500

Particle source |Accumulated dose

Max. 6 order .
Case ----- Min- Ib/1600 kg capacity and
1 Breathing 1.59 1.03 the deep cab was 1.10 m
350 N wide, 1.80 m deep and
2 In Coughing 2.00 m high and had 1000
3 150 3.51 0.04 ity.
Wide kg capacity.
4 55 None 5.59 0.04 **10 ACH clean outside air
5 Elevator Infiltration 36 4.78 0.03 %] ACH clean outside air
6 Out 350 473 0.01 and 9 ACH recirculated air
7 55 Deep . 13.06 0.17
Breathing
8 NPBI 1.13 0.03
350 Wide
9 | Mask 0.71 0.01
n
10 Office -5 ACH 970 0.62 0.79 0.08
11** |Bus -1 ACH 379 N/A None 0.27 0.83 0
12*** |Bus - 10 ACH 80 132 51
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In addition to quantitative results, qualitative comparisons can give us a better sense of the relative
exposure risk of riding in an elevator. The table below gives a general sense of where the relative risk
of an elevator ride with and without mitigation may fall on a spectrum of other activities. It should be
noted, however, that making quantitative comparisons to many different scenarios is difficult.

Even in controlled computer simulations, there can be a lot of variables, and both the natural
and built environment have a lot of variation, especially when combined with human behavior.
The risk of dining at a restaurant, for example, varies based on number of diners, proximity, time
spent in the space and a number of other factors. Similarly, the risk associated with other indoor
activities spans the spectrum due to variables related to both the environment itself and the
behavior of occupants.

Still, with what we've learned, we can generally place riding an elevator in a relative low to medium
risk of exposure, generally safe category comparable to a hotel room stay or outdoor dining,
depending on the factors outlined.

LOWER U MEDIUM >< HIGHER
\/ Low exposure O Use caution Avoid if possible

(with (without
mitigation) ElevatOI" mitigation)

(outdoor) Dining at a restaurant (indoor)
Crowded indoor events
Other indoor spaces (classroom, office, etc.) (nightclubs, bar's, concert
Outdoor Hotel room stay or sports stadiums, etc.)
exercise
Outdoor S
upermarket ’ .
market Public transportation
! . - Small
Shopping Retail shopping indoor shop

Variation of intensity, frequency and duration of exposure contributes to different degrees of exposure even within each activity category
Adapted from relative framework originally proposed by Julie Marcus at Harvard and Eleanor Murray at Boston University
Risk of exposure in elevators can be lowered by applying proper mask usage, air purification (like NPBI), physical distancing, etc.

MITIGATION STRATEGIES

Although the study results show that elevators are among lower-risk indoor spaces for COVID-19
infection, any mitigation methods should be considered. This investigation considered two
intervention methods: use of surgical masks and disinfection by needlepoint bipolar ionization.

This study selected surgical masks as an example to study the impact of masks on the accumulated
dose of susceptible people. We assumed that the filtering efficiency for exhaled particles from the
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index patient was the same as that for inhaled particles by the susceptible riders. This investigation
used a mean filtration efficiency of 33% for the surgical mask according to Bowen (2010).

Results indicated that if all the riders wore surgical masks, the dose can be reduced by 50%. This
study assumed an index patient would cough once when the patient entered the elevator. The
cough would cause other riders inhaling approximately 6 orders of magnitude higher particle mass
than continuous breath by the index patient for the whole duration of the ride.

Accumulated doses for different

Different scenarios for people wearing surgical mask scenarios of wearing mask

Other people

Different Ind Oth |
ifferen ndex er people Filtration efficiency B,C,D,E F

scenarios person A B,C,D,E F

Scenario 1 @ No mask @ No mask @ @ Scenario 1 0.0%
Scenario 2 @ Surgical mask @ No mask @ @ Scenario2  33.3%

Scenario 3 @ No mask @ Surgical mask @ @ Scenario3  33.3%
Scenario 4 @ Surgical mask @ Surgical mask @ \@7 Scenario4  55.5%

We also examined the impact of needlepoint bipolar ionization as a cab air purification method.
Bipolar ionization is a technology used to improve air quality and lower the intensity of exposure
that has years of research and test results supporting its safety and efficacy. Bipolar ionization
emits both positively and negatively charged particles that attach to and deactivate harmful
substances like bacteria, allergens, mold, viruses, volatile organic compounds (VOCs) and other
particulates (Essien, 2017 and Hagbom, 2015).

HOW IT WORKS

> @ o o
> ®
> ©) P
o€ &)
) @ @o
ol ) (e
©)
©
o lonizers generate and e As bacteria, viruses or e This process helps reduce
disperse both negative other cells divide, the ions airborne pathogens.
and positive ions. attach to the cells, causing

a chemical reaction.

For more details on needlepoint bipolar ionization and other air purification solutions, see our “Air purification in elevators
today” technical brief — available at otis.com

o I Is © 2021 OTIS ELEVATOR COMPANY AIRFLOW AND ELEVATORS V1.2 |


http://Otis.com

Study
results

In the case of bacteria and viruses, this chemical reaction both depletes their ability to function,
by causing oxidative stresses within the organism, and causes physical destruction of their outer
layer, effectively inactivating them. Particulate matter can be removed as air ions attach to them,
causing them to become ionized and in turn attract other charged particles, increasing the rate
of settling via gravity (Kim, 2017).

Our modeling indicated that the use of NPBI reduced risk exposure 20 to 30%, depending on the
ride time and riders’ positions within the elevator. Furthermore, the use of NPBI combined with
proper mask usage by all passengers yielded a 60 to 65% reduction in relative risk.

20-30% 50% 60-65%

Reduced relative Reduced relative — Reduced relative
exposure ¢ exposure

exposure

of]~
8 N Proper mask usage by all
°N~™~ riders combined with air

purification**

Air purification**,
depending on ride time and Proper mask usage by
riders’ positions in elevator all riders?

* Needlepoint bipoloar ionization (NPBI) as compared with no air purification device. Additional details on the study can be found at otis.com.

TProper mask usage compared with no masks. Assumes proper mask wearing of typical cloth or surgical style mask per WHO and CDC guidelines.
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Kev conclusions

This investigation used a combined CFD and
multizone model to study airborne particle
transmission of COVID-19 in taking an elevator
in a typical office building with 35 floors. The
CFD simulated the dispersion of the airborne
particles exhaled out by an index patient
through breathing in the elevator ride. The
multizone model was used to calculate airflow
between floors and hoistway and airflow

in and out of the elevator through cracks

and small openings. The study calculated

the accumulated dose of susceptible riders

in taking elevators with the index patient
under different conditions, such as different
ventilation rate, air supply method, elevator cab
geometry and intervention method.

Purification solutions reduce
exposure by an additional 20 to 30%

Proper mask usage by all riders
combined with NPBI can reduce
relative exposure 60-65%

Elevators have a high level of air
exchange, lowering exposure levels

Travel in an elevator poses no greater
risk of exposure than a short time
spent in an office or on a bus

Proper mask usage reduces
exposure by 50%

Key
conclusions

The intervention methods studied were
wearing surgical masks by the riders and
using NPBI technology in the elevator.

This investigation also studied a case with
a single cough from the index patient
when the patient entered the elevator. For
comparison, we also calculated accumulated
dose for occupants staying eight hours in

a typical office with 5 ACH clean air supply
and a one-hour ride in a bus with 10 ACH
clean air supply and 10 ACH air supply with
90% recirculated air. The study led to the
following conclusions:

 Due to the short duration of the elevator
ride, elevators with high ventilation had
low risk. For the reference case with a
350 cfm ventilation rate, the highest
accumulated particle dose by a susceptible
person close to the index patient was 1.59.

* Because of the highly nonuniform
distribution of the particles in the elevator
cab, the accumulated dose was not
inversely proportional with the ventilation
rate. Dose was impacted by passenger
position relative to the index patient. We
also found that a deep cab could trap the
particles inside the elevator, and air supply
direction had an impact on the particle
dispersion in the elevator cab.
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Key
conclusions

® The dose in a well-ventilated elevator with 350 cfm flow was equivalent to a four-minute stay in
the office with 5 ACH clean air supply. Even for a poorly ventilated elevator with 55 cfm flow, the
dose for the ride was the same as a 15-minute stay in the office. The bus with 10 ACH outside air
was very clean, but the bus with 90% of recirculated air was 25 times dirtier than the elevator.

* Intervention methods can further reduce exposure. For example, by using bipolar ionization,
exposure can be reduced further by 20 to 30% depending on the ride time and passenger position.

e |f all the riders wore surgical masks, the dose can be reduced by 50%. This study assumed an
index patient would cough once when the patient entered the elevator. The cough would cause
other riders inhaling approximately 6 orders of magnitude higher particle mass than continuous
breath by the index patient for the whole duration of the ride.

* The use of NPBI combined with proper mask usage by all passengers can further reduce
exposure by 60-65%.

LIMITATIONS
This investigation had the following limitations:

e Since the numerical simulation of the entire process was very difficult, this study separated
the whole process into eight sub-cases and transferred data after each sub-case simulation.
Since the mesh for each case could not be exactly the same, therefore, some errors may have
been introduced.

* Since we need to simulate walking people, using a real-shaped person would demand
tremendous computing resources. In addition, Nielson (2003) found that there was no big
difference in heat transfer and flow between a real-shaped person and simplified person.
Therefore, this study used a rectangular column to simulate a person.

* We assumed the HVAC systems in the lobby of floor 1 supplied fresh air in the ceiling, and
the lobby was connected with other spaces. Therefore, the outlets were assigned at the two
connection walls. For the particular case we simulated, all the particles from the index patient
moved upward and then to other spaces. The exposure of all other susceptible riders was almost
zero. This may not always be true in reality, while the waiting time of 30 seconds was relatively
long. One should not neglect the impact of exposure on the susceptible riders.

* This study used a computer cluster to conduct the CFD simulations. Each simulation used
two nodes with 24 processor cores per node on Skylake CPUs @ 2.60GHz. The memory per
node was 96 GB. The average computing time for each sub-case was almost 12 hours. That
means each test case with eight sub-cases needed almost 100 hours of computing time. The
computational effort was significant.
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FURTHER AREAS OF STUDY

The project was a first phase of the elevator
study initiated by Otis. After more than a three-
month investigation by two full-time postdocs,
this project has achieved the initial objectives.
However, the research team and the ad hoc
review committee recommended the following
areas for further study in the near future.

e Validation for the simulation results is
essential. However, due to the short duration
of this project, we conducted only numerical
simulations for the particle distributions based
on our previous experience. Experimental
validation of the numerical results should be
conducted.

e This investigation considered two intervention
methods: NPBI disinfection and wearing
masks. Other methods such as photocatalytic
oxidation, ultraviolet disinfection, HEPA
filtering, etc. should be examined.

* This study considered only the breathing and
coughing scenario. However, the geometric
diameter, size and number of particles
generated by breathing, coughing, talking
and sneezing are different. The mass of large
particles due to talking, coughing and sneezing
could be several orders of magnitude higher
than that of breathing. It is important to
improve the reference case design so that the
accumulated mass doses can be determined. By
working with epidemiologists and toxicologists,
it would be possible to determine a more
definitive infection risk probability.

* This project focused mainly on airborne
particles, which the WHO, CDC and other
experts have identified to be a more likely
cause of infection risk. There are, however,

Key

conclusions

other means of potential transmission that we
did not model in this study. For instance, since
elevator spaces are very small, large droplets
could be spread to the breathing zone via
direct contact or projection of droplets due to
momentum. This should be further studied.

It is essential to consider the impact of different
social distancing, especially facing position

of the riders with different loading capacity.
The study has found the importance of the
positions between normal and deep cabs.

In addition, fomite contact should not be
overlooked on elevators. Our simulations can
determine particle deposition on different
surfaces, such as the number keyboard and
handrails in an elevator. We should study if
particle deposition would be a concern for
infection transmission by fomite contacts.

Our study has assumed that the elevator
cab would come with clean conditions.

For frequently used elevators, the cab

may contain the COVID-19 virus. It would
be beneficial to study if cabs should be
disinfected before the next service and how
long it takes to vent the cab to acceptable
conditions.

The current study used standard door closing/
opening times. Air exchange when doors
open, including the length of time doors are
open, should be further studied. The study
may include the impact of small pressure
differences between cab and landing area
versus passenger drag. It could also examine
whether it is better to do a straight shot to
destination (less time) or to stop periodically
and have more ventilation when there is an
infected person on board.
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Made to
move you™
=

Made to move vou"

This study and its findings are just a part of our commitment to providing elevator passengers
with science-based information to help them make informed decisions about elevators
throughout the COVID-19 pandemic and into the future. Otis has supported customers from
the outset of the pandemic with resources and behavioral guidance as well as new solutions
and technologies. We will continue to innovate and drive research that helps safely move the
world forward.

Visit otis.com to request the full technical paper and view other resources related to the
study, along with solutions and strategies for enhancing passenger safety.
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About the team

The research was led by Dr. Qingyan (Yan)
Chen of Purdue University, along with two
postdoctoral candidates. The team worked
closely with technical experts at Otis to
facilitate the study, achieve all of the outlined
objectives and clearly communicate the
findings.

Qingyan (Yan) Chen, Ph.D. is the James G.
Dwyer Professor of Mechanical Engineering

at Purdue University and the Editor-in-Chief

of Building and Environment. He is widely
recognized for his research into the spread of
infectious disease through indoor air systems —
and how to prevent it.

Chen earned his Bachelor of Engineering
degree in 1983 from Tsinghua University,
China, and a Master of Engineering degree
in 1985 and Ph.D. in 1988 from the Delft
University of Technology (TU Delft) in the
Netherlands. He conducted his postdoctoral
research as a research scientist at the Swiss
Federal Institute of Technology (ETH-Zurich)
and worked as a project manager for TNO
in the Netherlands. Before he joined Purdue
University, he was a faculty member at

TU Delft and the Massachusetts Institute

of Technology (MIT). Chen has parallel
appointments at universities in Australia,
Europe and China.
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the team
L

Chen'’s current research topics include indoor
environment, aircraft cabin environment and
energy-efficient, healthy and sustainable
building design and analysis. He has published
three books and over 470 journal and
conference papers, and has been invited to
deliver more than 170 lectures internationally.

In recent years, Chen has received several
technical paper and poster awards and
Distinguished and Exceptional Service Awards
from the American Society of Heating,
Refrigerating and Air-Conditioning Engineers
(ASHRAE). He is also a fellow of ASHRAE

and the International Society of Indoor Air
Quality. Before he became the Editor-in-Chief
of Building and Environment, he served as an
associate editor of HVAC&R Research and was
a member of the editorial boards of six other
journals.

Sumei Liu, Ph.D. is a postdoctoral researcher
at Tianjin University, China. Her Ph.D. thesis
developed advanced models for accurate
simulation of airflow in a building community.
She received her Bachelor of Science degree
from Hunan University, China, and worked as
a consulting engineer at Built Environment
Group in Tianjin, China, before pursuing her
Ph.D. degree at Tianjin University. She spent
time at Purdue University as a visiting scholar
and postdoctoral researcher.

o I Is © 2021 OTIS ELEVATOR COMPANY

AIRFLOW AND ELEVATORS V1.2 |



Xingwang Zhao, Ph.D. received his Bachelor
of Science degree from Chongqging University,
China, and a Ph.D. from Tianjin University.

He was a visiting scholar and postdoctoral
researcher at Purdue University before joining
Southeast University, China, for his second
postdoc position. His past research included
study and design of indoor thermal and air
quality environments using the adjoint method
— an optimization method to search for
boundary conditions according to the indoor
environment design objective.

Stephen R. Nichols is a systems engineer
with interests in product development,
architecture, innovation and strategy. Nichols
is interested in finding simplicity in complex
systems as well as the intersection of human
experiences and people-centered design with
vertical transportation technology, building
ecosystems and urban environments. He is
based at Otis’ engineering center and world
headquarters in Farmington, Connecticut. He
is a two-time National Academy of Engineering
Frontiers of Engineering alumni and received
the 2019 Gilbreth lectureship. He has earned
degrees in mechanical engineering from

Tufts University and Rensselaer Polytechnic
Institute (RPI) and a professional certificate in
systems engineering from MIT. Since March
2020 he has been the research, development
and integration lead on the cross-functional
global task force at Otis focused on pandemic
response, including leading customer-facing
rapid innovation, technology and product
development, research, strategy and
partnership efforts.
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James T. Auxier, Ph.D. leads global
technology development at Otis focused

on emerging technology trends, business
needs and strategic areas of technology
development. He has previous experience in
the building systems, aerospace and medical
device industries and extensive university
partnership and research experience, including
15 years focused on aerothermal technology
development. He has earned degrees in
biomedical engineering from Yale University,

a master’s in mechanical engineering from
Stanford University and his Ph.D. in biomedical
engineering from the University of Kentucky.

Tricia Derwinski has more than 30 years

of Otis experience in the development of
systems, subsystems and components.

Her areas of emphasis include the design,
integration and development of cab shells
and structural ceilings, and forced and
natural ventilation. She was lead engineer
for the modernization of the Empire State
Building'’s elevators, as well as the systems
lead for numerous iconic buildings and major
projects across the globe. She has a Bachelor
of Science degree in civil engineering from
Washington University and a Master of
Science degree in mechanical engineering
from the University of Connecticut. She is

a longtime member of both the National
Elevator Industry, Inc. (NEII) Performance
Standards Committee and the American
Society of Mechanical Engineers (ASME) A17
International Standards Committee, as well as
a participant in several ISO efforts related to
lift and escalator ride quality.
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