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Abstract

Thermal comfort in chemotherapy environments has
been a crucial but neglected factor in the past, and these
environments continue to be uncomfortable spaces for
patients. In order to provide a safe indoor space, the
study of the diffusion of pathogens and the interface
between pathogens and thermal comfort becomes
important. This paper talks about two ventilation
strategies that are used to understand thermal comfort
and relate it to pathogen survival. Findings from the
research indicate a strong relationship between
environmental design factors and thermal comfort at the
patient level in relation to metabolic activity.

Nomenclature

I = clothing insulation in clothes

H = Metabolic heat production

M = Metabolic free energy production
Pa = Vapor pressure of water vapor

Jex = Heat conduction through envelope
qi = Lighting load

Joe = Load per person

Introduction

Over 50% of patients diagnosed with cancer receive
chemotherapy at infusion centers. A survey conducted
across 5 cancer institutes from 2000 to 2007 revealed
that patients place considerable importance on the sense
of control, particularly in their preferences regarding
temperature and lighting. Indoor Air quality is a strong
driving factor that must be monitored in chemotherapy
rooms as patients with weak immune systems spend
between 15 minutes to over eight hours (Wang et al.,
2011). Indoor environments benefit most effectively
from ventilation and air purification systems to keep
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pathogens at bay and improve air quality (Feng et al.,
2021).

A recent research direction is designing an aerosolized
sanitization system through CFD simulations. The
conditioned air is proposed to be mixed with the aerosol
sanitizer to reach every corner of the room, thus killing
the virus with variables like temperature, turbulent
kinetic energy, and flow dynamics (Bhattacharyya et al.,
2020). While deploying disinfectants may help to
alleviate air quality concerns for certain pathogens,
exposure to a continuous stream of disinfectants is
detrimental to the health of the users in the room. Among
the pathogens, Sars-CoV-2 is more sensitive to
disinfectants compared to non-enveloped viruses like
poliovirus, rotavirus, norovirus, etc. Excessive sanitizing
has adverse effects as a typical alcohol-based sanitizer
contains ethanol, isopropanol, and hydrogen peroxide
(C.Kilpatrick, 2011). It is presented that when these
chemicals are released through evaporation even in low
concentrations, they are toxic to human health and the
environment (Slaughter et al., 2014).

The study of diffusion of infectious pathogens is
particularly crucial to protect the patients with weakened
immune systems to prevent and reduce the occurrence of
nosocomial infections®. Due to the concentration and
retention of bacteria and virus particles in HVAC
systems, addressing the problem at the root of ventilation
system design can help support other functions, such as
filters, for an overall safer and sterile environment.

A chemotherapy environment is typically governed by
two factors: the re-circulation of pathogens and thermal
comfort. While the former deals with ventilation system
design and monitoring, the latter depends on individual
control, privacy, and patient comfort. To validate
thermal comfort, draft and airflow patterns are studied
through the results, and space temperature is linked to
the survival conditions of the pathogens to understand if
both thermal comfort and safety can be guaranteed.



Background

Viral pathogens are studied theoretically to establish
connections between indoor space conditions, such as
temperature and velocity. The simulation process
incorporates conditions that are not conducive to the
survival of pathogens.

Pathogen Classification

William F.Wells classified droplets into “large” and
“small” categories and discovered that large droplets
settle faster and evaporate slowly and are usually seen in
the immediate vicinity of the infected individual as
shown in Figure 1. The opposite is seen with small
particles and when the transition from the moist indoor
human environment to the external dry environment
occurs, they evaporate, and form dry particles called
aerosols or droplet nuclei (Wells, 1934).
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Figure 1. da Silva, M. G. (2020). An analysis of the
transmission modes of COVID-19 in light of the
concepts of Indoor Air Quality. REHVA J, 3, 46-54.

Studies show that diseases like measles, influenza,
smallpox, chickenpox, and SARS have been transmitted
through ventilation systems (Li et al., 2007). Most of the
airborne pathogens are fine or ultrafine and due to low
masses, they cannot be controlled by bulk airflow and
are present for weeks (Hinds, 1999). The smaller
particles pose a risk to those with pulmonary disease or
have a compromised immune system (Pope Il et al.,

2009).

Airborne viruses in droplets smaller than 5 pm exhaled
by infected SARS-CoV2 patients are present in the air
for hours and potentially in air circulation systems and
maintain their biological stability in aerosols for days as
shown in Figure (1). Air cleansing methods that are
currently used like HEPA filters, positive and negative
pressurization, high air exchanges, plasma cleaning, and
UV light to mitigate or kill pathogens are useful for large
airborne particles (>2.5 u) as they are easily dispersed
and reach the filter but have less impact on fine (<2.5 u)
and ultrafine particles (<0.25 u). These smaller particles

have lower settling velocities and thus, are present in the
air after these cleansing techniques (Parvizi et al., 2017;
Hinds,1999).

Consequently, there exists a critical necessity to
investigate pathogens with respect to their mass, settling
rates, source points, and diameter, in order to
comprehend their spatial distribution in the air and their
impacts on various user groups. This correlation can be
linked to the HVAC system, wherein maintaining lower
air velocity alongside consistent temperature and
humidity conditions serves to mitigate the formation of
eddy currents, thereby reducing the likelihood of air
recirculation (Balaras et al., 2006). Establishing a
connection between the built environment and pathogen
dispersal sets the foundation for an integrated design
system. This system incorporates a versatile metric,
accommodating various scenarios and addressing
concerns related to both thermal comfort and occupant
safety.

Ventilation systems

Unidirectional flow systems (UDF or UDAF) systems
were initially referred to as laminar airflow systems
(LAF) and have been used since the late 1960s as they
were linked to a reduction in colony-forming units (cfu)
density through a linear relationship (Charnley et al.,
2005). The difference between conventional ventilation
(CV) systems and UDF is that the former employs the
use of turbulent air to promote dilution while the latter
involves the use of parallel airflow paths with constant
velocity to reduce the flow of less clean air.

The air velocity of the UDF systems is adjustable and
volume flow rates range from 1000 to 5000 m3/h in older
low-volume systems and between 10,000 to 20,000 m3/h
in high volume new systems which have lower infection
risks and are specifically needed to generate velocities in
the 0.3-0.38 m/s range (Whyte, 2015).

Although laminar flow systems modulate air flow to
observe steady flow patterns that have lower mixing and
cross-contamination rates, particles carrying viruses get
resuspended due to mechanical airflow, sources of
turbulence like walking, and thermal plumes from warm
human bodies (Horve et al., 2020). Vertical airflow
systems enhance BCP sedimentation through the
addition of an inertial impaction factor (Friberg et al.,
2001). Compared to a vertical system, a horizontal
laminar flow system demonstrates better efficacy,
particularly when the placement of lights and equipment
is carefully considered, as they play a role in infection
rates due to the influence of thermal plumes (Liu et al.,
2022).

Higher air exchange rates and outside fractions help
dilute indoor environments. Opening outside air damper



positions on air-handling units can lead to higher outside
fractions which remove a large ratio of indoor air and
airborne pathogens (Qian et al., 2018). The exhaust rate
creates negative pressure and prevents the escape of
contaminated air into the other spaces.

Particulate matter’s diffusion rates are dependent on air
supply patterns, air exchange shorthand, and gravity
deposition. Higher outside air fractions mean higher
energy consumption; hence it is recommended to switch
back to normal ratios once the period of risk subsides.
Air-handling systems that support higher outside air
ratios may require an increased filter monitoring
protocol. When airflow rates are elevated without
increasing the outdoor air ratio, recirculated indoor air
rates escalate which increases the transmission of
pathogens (Horve et al., 2020).

ANSI/ASHRAE Standard 170-2017 recommends a total
minimum of 6 air changes per hour and a MERV rating
of 8 for the filters with a maximum design relative
humidity of 60% and a temperature range of 21-24°C for
cancer treatment areas (ASHRAE Standard 170, 2017).

Temperature and pathogenic transmission

We analyze ventilation systems in operating rooms,
comparing them to oncology units due to their shared
need for high Indoor Air Quality (IAQ).

Low temperatures contribute to the transmission of most
viruses like the influenza virus, astrovirus, adenovirus,
poliovirus, herpes simplex virus, and hepatitis A virus
due to their increase in survivability (Kramer et al., 2006;
Abad et al., 2001; Hipler et al., 2006).

ASHRAE 170 defines the room temperature to be
between 20-24°C, with a standard target value for air
supply set at19°C. (ASHRAE Standard 170, 2017). The
standards prescribe the use of a laminar-down-flow
ventilation system (LAF) which is a ceiling-mounted
9m? set-up that carries in the fresh air so that it does not
get mixed with the surrounding air and prevents
dispersion of airborne pathogenic particles (Zoon et al.,
2010; Walenkamp, 2005; Gaever et al., 2014).

The temperature of the supply air must be lower than the
air inside the operating room as this temperature
difference is necessary to overcome the thermal plumes
(which cause turbulence and interrupts uni-directional
flow) that are generated by the staff, anesthesia
equipment, and the luminaire that are located directly
below the LAF plenum space. However, an increase in
temperature difference causes the air velocity to increase
as per the Kinetic theory of gases (Moore et al., 2022)
and decreases the size of the uni-directional flow region
due to the air column being compressed (Van Gaever et
al., 2014). These findings emphasize the need to
categorize pathogen characteristics based on severity

and settling rates, facilitating a focused approach
towards critical aspects. This classification allows
designers and engineers to design ventilation systems
with a focus on users with compromised immune
systems.

Relative Humidity and pathogenic transmission

Viruses with lipid envelopes like influenza, (Fernstrom
et al., 2013) Lassa fever virus, and human coronavirus
survive for longer durations in RH levels below 50% and
get eliminated at RH levels above 80% (Tang et al.,
2006). Experiments in this domain have shown that
relative humidity (RH) above 40% is harmful to the
survival of most viruses, including CoV (Noti et al.,
2013; Kim et al., 2007).

Thermal comfort in chemotherapy spaces

Research in the intersection of thermal comfort and
medicine present the use of innovative techniques to
maintain the core body temperature. Active warming
mitts placed at different sections of the body improved
thermal comfort, skin temperature, and eased the
insertion of intravenous cannulas for neurosurgical and
leukemia patients with success rates of around 94%.
Warming helped to increase the size of the vein and
reduced the insertion time (Lenhardt et al., 2002).
Electric hand warmers (EHWSs) as opposed to cooling
techniques do not interfere with the drug uptake process
in the body. 79% of the 40 participants in the EHW group
favored the hand warmers due to increased thermal
comfort as per the Likert scale. The research considered
people with a median age of 53 and mentions that
widening the age group would effectively allow the
effects of localized heating to be understood in detail.
(Landeiro et al., 2023)

Experiments

Methodology

Figure 2 visually represents the research workflow,
detailing the process from the formulation of system
design factors through simulation to the presentation of
results. The system design involves investigating three
key factors: geometry, thermal comfort, and ventilation.
Internal space parameters, encompassing variables such
as supply air temperature, inlet and outlet locations,
ceiling heights, and seating arrangements, are modeled
to simulate outcomes such as temperature stratification
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Figure 2 Experiment workflow

and airflow patterns. Thermal comfort and ventilation
strategies collaboratively shape the spatial design,
providing the foundation for initiating the iterations. The
CFD process involves the generation of the model and
mesh, followed by post-processing to visualize and
analyze the obtained results. The simulations and
subsequent post-processing are conducted utilizing
ANSYS Fluent.

The process starts with calculating surface clothing
temperature values and modeling simplified geometry,
delineating fixed conditions. A mesh with variable grid
densities is incorporated into the model, and the
simulation is analyzed through post-processing. Grid
densities are elevated in correlation with the escalating
significance of the study region and the spatial
characteristics around indoor obstacles. Subsequently,
the findings are analyzed to assess the HVAC system's
efficacy concerning thermal comfort and are juxtaposed
with theoretical pathogen studies.

Employing CFD presents notable advantages compared
to air sampling or live-testing, given its non-invasive
nature, precise modeling of spatial relationships, and
support for research-based analyses.

Thermal comfort

T =35.7-0.0275H + 0.155I {H - 0.31(57.4 - (1)

0.07H - Pa) - 0.42(H - 58) - 0.0017M(58.7 - P,) -
0.0014M(34 - Ta)}.

Pa = Vapor pressure of water vapor (mb)
H = Metabolic heat production (w/m?)
M = Metabolic free energy production (external work)
(w/m?)
la = clothing insulation in clothes
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Figure 4 Thermal comfort in terms of velocity and air
movement

Fanger’s thermal comfort model (1) establishes the
relationship between thermal comfort and metabolic
rates in relation to air velocity (Fanger, 1970). Tq, the
surface clothing temperature value, is calculated using
the metabolic heat production (H) and free energy
production (M) values for a person sitting at rest as
depicted in Figure 3 (ASHRAE 55, 2020). The saturation
vapor pressure for the corresponding air temperature (18
— 21°C) values is between 21 and 25 [107 bar] (The
ASCE Standardized Reference, 2005). Figure 4
illustrates the correlation between air velocity and
thermal comfort, informing the selection of an
experimentally relevant velocity range essential for
maintaining optimal comfort conditions. (Auliciems &
Szokolay, 1997) ( (Price Industries, 2016).

Table 1 Clothing insulation values
Initial stages of Later stages of
chemotherapy chemotherapy
Woman 0.23-0.64 0.35-0.74
Man 0.25-0.64 0.22-0.61
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Figure 5 Mesh configuration

The calculated surface temperature values are utilized
for generating the model. I¢ values are calculated based
on the clothing preferences specific to patients
undergoing chemotherapy (The New York Times,
2019). Projected values for clothing assemblies are then
calculated based on the metabolic activity value to
generate separate clothing surface temperature values for
men and women, as shown in Table 1.
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sequence of the simulation

Geometry

The spatial configuration is represented as a cubic
volume measuring 9x9x3.5 meters, incorporating three
conceptual planes spaced at intervals of 3 meters. Six
figurines are centrally positioned within each square
region of the room. The three planes intersect at the
centroid of these figurines and are strategically placed
for the examination of airflow patterns mapped along the
planes which is represented in Figure 7 (a). A
temperature difference of less than 3°C (ASHRAE 55,
2020), along with the analysis of airflow patterns across

Temperature difference
between feet and head < 3" C

Figure 7 Geometry setup:(a) Plan level, (b)
View of the planes relative to each other

the planes is the governing metric, to determine thermal
comfort as shown in Figure 7 (b).

The meshing approach employs a patch-independent
uniform tetrahedron mesher, wherein mesh refinement is
applied to augment fineness in proximity to the airflow
inlet and outlet regions. The max element size is, a=1.2
and the edge lengths are, V3 a/2 = 1.04 as demonstrated
in Figure 5. Figure 6 describes the modeling workflow
starting from setting the boundary conditions through
establishing the human figurines and creating the
diffusers before the simulation. 2013; Kim et al., 2007).

Ventilation Strategy

We study two ventilation strategies: laminar air flow and
displacement ventilation, to compare the former,
typically used in operating rooms for better pathogen
dispersal, and the latter, used for improving thermal
comfort.



Laminar Air Flow. LAF aids in preventing the stagnation
of pathogens and facilitates the directional flow of air,
ensuring the movement from the inlet to the outlet. With
vertical LAF systems, there is an increased pathogen
concentration due to downward flow from an inertial
impaction factor. Horizontal LAF systems offer a
solution based on the positioning of the people in the
room. Since chemotherapy rooms typically have seated
people who are not obtrusive to the air stream, there are
lesser chances of interruption and support the transfer of
bulk airflow to the outlet (Balaras et al., 2006).

Displacement Ventilation. In our design experiment,
horizontal Laminar Airflow (LAF) is compared with
displacement ventilation, representing an alternative
strategy. Low-velocity air supply conditions are
implemented at floor level, with the objective of
facilitating the transfer of heat from thermal plumes
generated by human figurines.

The supply air temperature is determined through the
ASHRAE Research  Project Method-949  for
displacement ventilation (Glicksman et al., 1999).
Initially, the cooling load for the space is calculated with
the consideration of three variables — Qex, Qi, and e (2).

07 = Qex + 01 + Qoe 2
gr = Total cooling load (W)
gex = Heat conduction through room envelope (W)
qi = Overhead lighting (W)
Joe = Occupants, equipment (W)
An area outdoor airflow rate of 0.6 L/s m? from the
ASHRAE 62.1 standards, equivalent to 4 L/s per person,
is incorporated to establish the fresh airflow rate
(ASHRAE 62.1, 2022). The ventilation rate required for
the total cooling load is calculated, thereby deriving the
optimal supply air temperature of 19.33 °C for the space.
To address draft concerns, a velocity range of 0.2-0.3
m/s is considered in the design experiment. Table 2
outlines the iterations that are carried forward in the
experiment.

Table 2 Inlet supply air conditions

Ventilation Iteration I, 111 Iteration 11, IV
Strategy
1. Horizontal 0.3 m/s, 0.2 m/s,
laminar 19.3°C(I) 19.3°C(1)
2. Displacement 0.45 m/s, 0.2 m/s,
ventilation 18°C(l11) 20°C(IV)

A viscous realizable k — ¢ model with air as the fluid
medium forms the basis of the simulation adhering to no-
slip wall conditions using a coupled method. The
experiment incorporates three distinct media — air,

human bones, and walls, as detailed in Table 3 (Dixit &
Gade, 2015) (ASHRAE, 2021).

Table 3 Material properties

Density  Specific Thermal
(Kg/m®) heatCp  conductivity
J/kg (W/m K)
K)
1. Fluid: Air 1.22 1006.43 0.02
2. Solid: Human 1800 3470 0.45
figurines — bones
3. Solid: Walls - 1000 1090 0.35
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Discussion

Laminar Airflow. Airflow patterns indicating velocity
and temperature contour plots are shown in Figure 8 and
Figure 9 for Iteration I and 11. There is an upward airflow
pattern from the supply diffuser to the outlet with
multiple streams hitting the wall and stopping due to the
no-slip boundary conditions. The temperature varies
slightly with lower temperatures near the supply flow
stream and is increasing by 2 - 3°C near the figurines.
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Displacement ventilation Airflow. Figure 10 and Figure
11 depict air flow and temperature contour plots for
Iteration 11l and 1V. The upper portion of the thermal
zone has higher temperature values in comparison to the
occupied zone which measures 22.9 °C approximately.
The temperature values are lower near the supply
diffusers and increase mid-way near the occupants.

Clothing surface temperature T is much higher than the
supply air and local air temperature values. Therefore, it
is crucial for the inlet temperature to be maintained at the
lower end to ensure thermal comfort, when considering
the influence of heat generated by humans and light
sources such as plumes. The flow is noted to be higher at
the corners of the room due to reverse flow and being in
close proximity to the diffusers.

The body's geometry results in higher air velocity and
temperature at the mid-section compared to the head and
foot regions. This phenomenon is attributed to the higher
percentage of fat in the mid-section, which exhibits
lower thermal conductance than the heel region (Jesus
Rodriguez de Rivera et al., 2022).

Temperature stratification between the head and foot
regions is less than 2°C for all the scenarios, which
achieves thermal comfort as shown in Figure 12 and
Figure 13. Since the supply air temperature is close to a
comfortable range, the discomfort is reduced, and the air



carries the heat generated in the room to the ceiling
diffuser, increasing the local air temperature. The
temperature inside the space is between 21.85 to 24.10°C
which indicates that the survival rates of viral pathogens
may be lower due to the high temperature values.
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Conclusion

Extensive studies on aerosol dispersion are a domain that
needs to be addressed in relation to occupancy, as there
are factors like relative humidity and temperature that
change the spatial patterns of pathogens based on
characteristics like mass and settling rate. These
parameters need to be interlinked with thermal plumes,
lighting, and occupancy to target thermal comfort and
the health of immunocompromised patients in particular.
The results infer that positioning floor air grilles can help
influence thermal comfort based on proximity, where
future research can be linked to individual diffuser
control.

A component that can be one of the decision-making
factors as a future mode of research is cost efficiency.

Increasing ventilation rates leads to better infection
control but also comes with an added cost component
(Wang et al., 2021). Balancing the cost component along
with indoor air quality and indoor thermal comfort
becomes a challenge to solve. The factors outlined in
Figure 2 serve as the foundational elements for designing
a chemotherapy space. Geometry plays an important role
in shaping patient experiences and the interplay between
thermal comfort and ventilation strategies influences key
design decisions. This includes considerations such as
the choice between private and open spaces for
chemotherapy. Thermal comfort also varies based on
gender and seasonal variations which can be tied into the
overall understanding of thermal comfort in a space. This
can be modeled for a variety of ventilation systems in
chemotherapy rooms, which involve different pathogen
types, to formulate a case-specific model to provide a
safer indoor environment for the occupants.
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