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Abstract

This research investigates a novel method for disinfecting pleated HVAC filters through radiation-
based treatment using ceramic infrared heaters. The proposed system aims to inactivate
microorganisms captured on the filter surface by elevating its temperature to the thermal

disinfection threshold (65 °C) without significantly affecting filter integrity or energy efficiency.

An experimental setup was designed and constructed to evaluate the influence of system geometry
and operating conditions on thermal performance. The temperature distribution across the filter
surface were recorded to identify optimal configurations that achieve uniform heating with the
minimum energy consumption. View factor calculations based on radiation fundamentals were
performed to interpret the radiative contribution to heating, and the CFD simulations were carried

out to verify the experimental temperature trends.

Results showed that in the aluminum-covered gate configuration with a single ceramic heater, the
most uniform temperature distribution was achieved at a heater—filter distance of 25 cm and a tilt
angle of @ = 10 °, resulting in a total temperature difference of 13.0 °C across the filter after a 26-
minute disinfection period, with a total electrical energy consumption of 0.05 kWh. Subsequent
experiments using a transparent-gated chamber equipped with two ceramic heaters demonstrated
a marked improvement in performance, achieving complete filter disinfection within 17 minutes
at a tilt angle of @ = 0 ° and a heater—filter distance of 35 cm, while consuming only 0.09 kWh of

electrical energy with a maximum temperature difference of 8.0 °C .

The findings confirm that with proper configuration, the proposed system can reliably reach the
disinfection temperature with reasonable energy demand, offering a practical and sustainable

solution for thermal disinfection of HVAC filters.
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Chapter 1. Introduction & Background

1.1 Preface

Airborne pathogens have been responsible for several recent pandemics, such as the HINI
influenza and the novel coronavirus (SARS-CoV-2), along with its highly contagious variants,
including Delta and Omicron. Globalization, growing international travel and trade, rapid
urbanization, crowded living conditions, changes in human behaviour, the reemergence of dormant
pathogens, and the misuse of antibiotics all contribute to the increasing threat of infectious and
deadly diseases. The health and economic impacts of pandemics are profound. According to World
Health Organization (WHO) data, by the end of 2022, more than 700 million COVID-19 cases had

been reported worldwide, resulting in nearly seven million deaths [1-3].

The transfer of respiratory pathogens from one individual to another usually happens in three main
ways; contact, droplets, and airborne transmission. Contact transmission can occur through direct
physical interaction or indirectly via contaminated surfaces (fomites). In droplet transmission,
relatively large respiratory particles (> 20 um) are released through actions such as coughing,
sneezing, or speaking, and they usually settle within one meter under the effect of gravity [4,5]. In
contrast, airborne transmission involves smaller particles, known as droplet nuclei, which form
when larger droplets evaporate. These nuclei, usually under 5-10 um in size, remain suspended in
the air for extended periods and can travel greater distances, reaching deeper areas of the
respiratory system [6,7]. Although airborne transmission has been studied for many years, it gained
renewed attention during the COVID-19 pandemic. In recent decades, health authorities revised
their protocols. The Studies of health authorities in the middle of 2020 have shown that viruses

spread mainly through airborne particles rather than respiratory contact, and droplets. This



realization underscored the urgent need to improve our understanding of airborne transmission in

order to more effectively control COVID-19 and other respiratory infections [4,8].

Today, most of the people spend much of their time inside buildings; therefore, proper thermal
comfort and indoor air quality (IAQ) are vital. According to WHO [9], poor IAQ causes more than
4.6 million preventable deaths worldwide, showing how important well-designed heating,
ventilation, and air conditioning (HVAC) systems are for health. Ventilation is essential for keeping
indoor air clean. However, if HVAC systems are poorly designed or not properly maintained, for
example, when airflow is too low or the number of air changes per hour (ACH) is insufficient, they
can actually spread pathogens through ducts and air circulation. This increases the likelihood of

transmitting viruses, bacteria, and fungi [10-12].

1.2 Overview and Problem Statement

The current study introduces a novel heat-based disinfection technology designed to overcome the
limitations of existing disinfection methods. This thesis investigates the integration of ceramic
infrared (IR) heaters with pleated HVAC filters to both capture and inactivate pathogens
accumulated on the filter surface. By integrating air filtration and localized heating, this approach
aims to enhance indoor air quality while minimizing the risks associated with microbial survival

and re-entrainment in ventilation systems.

The proposed infrared ceramic heating system can be applied in a wide range of HVAC
configurations in both residential and commercial buildings, including offices, schools, and
hospitals. It can be integrated within both ductwork and air-handling units (AHUs) without major

system modifications. This technology is particularly suitable for systems that do not operate



continuously. When the HVAC unit is shut off, the infrared ceramic heaters can be employed to
disinfect the filter media. This ensures that the disinfection process is both energy-efficient and
can be scheduled during downtime, and prevents interference with regular ventilation operation.
The system i1s most effective with pleated MERV-rated filters commonly used in HVAC systems;
however, it is not recommended for high-efficiency particulate absorbing (HEPA) filters due to

their greater thickness and higher thermal resistance [13].

Figure 1.1 presents a schematic representation of the proposed disinfection system. The system
primarily consists of ceramic infrared heaters, pleated HVAC filters, an aluminum-foil-covered
enclosure, and two gates located at the front and back of the unit. The ceramic infrared heater is
strategically positioned upstream of the pleated filter in different configurations. These
arrangements are intended to examine how heater and filter configurations affect the distribution
of thermal energy across the filter surface, thereby influencing temperature uniformity, pathogen
inactivation, and overall disinfection efficiency. By evaluating multiple configurations, the study
aims to identify the optimal design that achieves effective microbial inactivation while maintaining

energy efficiency.

The ceramic heater is mounted on the front gate of the unit, allowing adjustment of the heater-to-
filter distance and regulation of the enclosure size. An aluminum plate is placed directly behind
the heater to serve as a reflector, and the inner walls of the enclosure are lined with aluminum foil

to minimize heat loss.
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Figure 1.1. Schematic of the experimental disinfection unit developed in this study.

1.3 Research Questions

This study aims to answer the following research questions:

1. How does the placement of ceramic infrared heaters (distance and tilt angle) influence the
temperature distribution across pleated HVAC filters?

2. What differences in heating uniformity arise between single-heater and dual-heater
configurations?

3. How do enclosure and surface modifications, such as aluminum reflectors or carbon-coated
filters, affect heat absorption and distribution?

4. Can analytical calculations and numerical simulations reliably predict the experimental

thermal behaviour of the heater—filter system?



1.4 Research Objectives
The roadmap of this thesis to address the above research questions includes the following

objectives:

1. Investigate the effects of heater placement parameters, including distance and tilt angle, on
the temperature distribution across the filter surface and total energy consumption.

2. Evaluate the performance of single- and dual-heater configurations under transparent gate
conditions that replicate real HVAC systems when fans are off, in order to determine the
feasibility of ceramic heaters for in-situ disinfection during idle operation.

3. Examine how enclosure design and filter surface modifications, such as aluminum
reflectors and carbon coatings, affect heat absorption and distribution.

4. Conduct analytical (view factor) calculations to illustrate the governing radiation principles
and assess the influence of geometrical factors on heat transfer, and perform numerical

simulations to reproduce the experimental temperature patterns.

1.5 Research Hypothesis

This research is based on the idea that combining ceramic infrared heaters with pleated HVAC
filters can provide an effective way to disinfect microorganisms directly on the filter surface. The
hypothesis is that with the proper placement and configuration of heaters, it is possible to create
uniform and sufficient heating on the filter surface to inactivate pathogens, while still keeping the

filter performance intact and avoiding unnecessary energy use.

The following hypotheses are proposed:



1. Polyester fibers, due to their high emissivity and low thermal conductivity, are expected to
absorb radiant heat efficiently from ceramic heaters, resulting in an energy-efficient
system.

2. Because air is essentially transparent to radiation, no additional energy is required to
preheat the air, which further improves overall system efficiency.

3. Filter surface heating uniformity is highly influenced by the heater—filter distance, tilt
angle, and overall filter size. When the distance is too large, non-uniform heating occurs
because of convection effects and reduced radiative coverage, whereas very short distances
can cause localized overheating. Achieving an optimal arrangement of these parameters
enables a more uniform temperature distribution across the pleated surface.

4. Filters with higher absorptivity, such as carbon-coated polyester, are expected to achieve
higher surface temperatures than uncoated filters under identical heating conditions.

5. At the start of the heating process, heat transfer is governed mainly by radiation, but as
time progresses and air movement develops, natural convection plays an increasingly

important role.

1.6 Research Methodology

This research uses a combined approach of experiments, analytical work, and numerical
simulations to test the hypotheses and answer the research questions. In the experimental part, the
focus 1s on how different factors affect system performance, including the distance between the
heater and filter (10-100 cm), the heater tilt angle (0°, 10°, 20°), the use of single versus dual
heaters, and enclosure conditions such as transparent gates or aluminum foil coverings. Additional

tests examine whether modifying the filter surface, for example by adding a carbon coating,



enhances heat absorption and distribution. Performance is evaluated by tracking the temperature
distribution across the filter, the uniformity of heating, whether the filter surface reaches the target
disinfection temperature of 65 °C, and energy efficiency. All experiments are carried out in an
enclosure measuring 32 cm X 65 cm X 120 cm. To support these experiments, radiative heat
transfer calculations based on view factor analysis are performed to understand better how
geometry and exposure affect heating. For the numerical simulations, ANSYS Fluent 2023 R2 was
used to verify the experimental measurements and establish a framework for future system design.
At a fixed heater—filter distance, the simulations examined how changes in tilt angle influence the
temperature distribution across the filter surface, and the results were compared directly with the

experimental data.

In summary, the experiments provide real measurements, while the analytical and numerical
studies are employed to interpret the findings. Ultimately, the system is evaluated based on its
ability to deliver uniform heating, achieve the required disinfection temperature, and operate

efficiently.

The overall research methodology adopted in this study is summarized in Figure 1.2. The process
begins with an extensive literature review focused on the existing disinfection technologies, heat-
based disinfection technologies, and radiation-based disinfection technologies. This review helped
identify the key research gap and define the main experimental design parameters required for

developing the proposed system.

Following the literature review, the research proceeds along two complementary pathways. The
theoretical modeling branch includes both numerical simulation and view factor analysis. The
numerical simulation component involves defining the computational geometry and domain in

ANSYS Fluent. The simulation results are then compared with the experimental data for the
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verification. In parallel, the view factor analysis defines the heater and filter geometries and
calculates the radiative exchange factors to determine how tilt angle and spacing influence the
radiative heat transfer. This analysis provides a qualitative understanding of the system’s thermal

behavior.

The experimental modeling branch involves the design and fabrication of the disinfection unit.
The collected temperature data are analyzed to evaluate temperature distribution, heating

uniformity, and energy consumption.

Finally, the insights obtained from both the theoretical and experimental pathways are integrated
to identify the optimal heater—filter configuration that achieves effective and energy-efficient

thermal disinfection.
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1.7 Thesis Outline

This thesis includes 7 main chapters. The content of each chapter is briefly introduced below.

Chapter 1 introduces the research motivation, problem statement, research questions, objectives,
and hypothesis. It also outlines the adopted methodology and presents the overall structure of the

thesis.

Chapter 2 provides a comprehensive review of existing disinfection technologies applied in HVAC
systems. The review then emphasizes thermal and radiation-based disinfection approaches, which
are particularly relevant to the objectives of this work. The chapter concludes by identifying the

key research gaps that this thesis aims to address.

Chapter 3 describes the experimental setup designed to investigate the disinfection of pleated

HVAC filters. It details the test configurations, instrumentation, and procedures.

Chapter 4 presents the analytical and numerical methodologies developed to model heat transfer
within the system. The first part outlines the analytical approach used to calculate radiation view
factors between the ceramic heaters and the filter, including the governing equations and the
application of shape factor formulas for the studied geometry. The second part describes the
numerical model used to simulate heat transfer within the system. It includes the governing
equations, boundary conditions, grid generation, solver settings, and sensitivity analyses, followed

by key simulation cases.

Chapter 5 presents and discusses the experimental and numerical results. It evaluates the influence
of system parameters such as heater-filter distance, tilt angle, presence of reflectors, and carbon
coating on thermal performance. Comparisons between experimental data, view factor predictions,

and a comprehensive computational fluid dynamics (CFD) simulations are also provided.
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Chapter 6, the conclusion chapter, summarizes the key findings of this research. Additionally, it
discusses the limitations faced during this research and provides recommendations for future

research and development.

The thesis ends with references and appendices. The references cited in this research and

supplementary data are included in this section.
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Chapter 2. Literature Review & Research Gap

2.1 Preface

This chapter reviews the most commonly used disinfection technologies, highlighting their
mechanisms, advantages, and limitations, with a particular focus on thermal and radiation-based
methods. This review is divided into three sections. The first section presents an overview of
various disinfection technologies, outlining their underlying principles, applications, and
effectiveness across different settings. The second section focuses on heat-based disinfection
methods, emphasizing how elevated temperatures can inactivate microorganisms. Finally, the third
section examines disinfection through radiation, with a particular emphasis on ultraviolet (UV)

and infrared radiation, and evaluates their relative efficiency in pathogen inactivation.

2.2 Existing Commonly Used Disinfection Technologies

Over recent decades, a wide range of methods for sterilizing and disinfecting pollutants and
microorganisms have been extensively investigated to address challenges in maintaining indoor
air quality. A schematic view of different disinfection technologies available in the literature is
illustrated in Figure 2.1. These technologies play a critical role in safeguarding public health and
ensuring reliable operation of indoor environments such as hospitals and commercial buildings
[14]. Conventional filters, electrostatic filters, antimicrobial filters, photocatalysis oxidation,
plasma, ozonation, thermal treatment, and radiation (including ultraviolet (UV) and microwave
disinfection) are the main sterilization and disinfection systems [15]. These technologies will be

briefly discussed in the following sections.
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Figure 2.1. A schematic representation of different disinfection technologies including (a) antimicrobial filtration,
(b) thermal treatment, (¢) UV, (d) electrostatic, (¢) microwave, (f) photocatalysis, (g) plasma, and (h) ozonation
(reproduced from Ref. [15]).

2.2.1 Conventional Filters

Air filtration in HVAC systems plays an effective method in reducing the spread of airborne
pathogens indoors [10,16]. Filters come in different grades of efficiency. For example, HEPA
filters can capture 99.97% of particles as small as 0.3 microns that are especially concerning
because they can penetrate deeply into the respiratory system [17]. While HEPA filters provide
excellent removal efficiency, most HVAC systems still rely on conventional fibrous filters for

routine air cleaning.

Conventional air filters utilize the adsorption properties of fibrous materials to capture
microorganisms through three primary mechanisms: impaction, diffusion, and interception

[15,18]. Conventional filters are widely used because of their low cost, ease of installation, and

13



commercial availability. However, they struggle to effectively capture smaller microorganisms,
which can lead to secondary contamination and potentially become breeding grounds for fungi and
bacteria as these particles may pass through the filter or become dislodged over time [19-21]. For
example, Morisseau et al. [22] conducted several experimental tests to quantify the release of
fungal particles from contaminated HVAC filters. In their study, it was shown that the proportion
of particles discharged during system restart depends on the minimum efficiency rating value
(MERV) of the filters. Coarse and low MERYV filters released up to about 1% of their fungal load,
while fine and high-MERV filters released only around 0.001%. Although these release rates
appear minimal, filters can accumulate large microbial burdens during operation, meaning that
even a small percentage of particles released may still translate into a significant number of viable

spores entering the indoor air and threatening occupant health.

Additionally, when the filter is fully loaded and due for replacement, it may pose additional risks
if not handled and disposed of properly. This demonstrates that filters, instead of serving only as
protective barriers, can also act as sources of biological hazards due to microbial accumulation, as

illustrated in Figure 2.2.

Another challenge of the filters is the pressure drop across the filter. This effect becomes worse as
the filter loads with dust, leading to higher energy use and operating costs. Since the more resistant
the filter is to airflow, the more energy the system needs to move air through it [23]. Given these
challenges, it is important to explore strategies to improve filter performance and reduce associated
risks. To enhance the efficiency of air filters and manage pressure drops, pleated filters can be
employed [24]. Therefore, despite the fact that air filtration is crucial for enhancing indoor air
quality, careful consideration of its limitations and proper maintenance is essential to ensure safety

and efficiency.
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Also, it is important to recognize that filtration serves primarily as a removal strategy and does not
deactivate microorganisms. Therefore, supplementary disinfection technologies are necessary to
address the limitations of filtration alone. Integrating these additional measures can provide a more
comprehensive approach to improving indoor air quality and ensuring effective pathogen control

[25].

Figure 2.2. Growth of microbes on the HEPA filters over time (adapted from Ref. [10]).

2.2.2 Electrostatic Filters

These types of filters operate based on the application of electrostatic forces, including Coulomb
forces between opposite charges, image forces, and polarization forces [26,27]. These filters are
primarily designed for particle removal but can achieve partial inactivation as well. Their benefits
include high efficiency across a broad range of particle sizes, a lower pressure drop compared to

conventional filters, and commercial availability. However, they come with a high initial cost,
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reduced efficiency due to dust accumulation, and a susceptibility to electric field breakdown under

certain conditions [10,15].

2.2.3 Antimicrobial Filters

Antimicrobial filters employ metallic nanoparticle coatings to inactivate bio-aerosols captured on
the filter surface [28,29]. These are mainly designed for inactivation. However, their performance
is limited by the selective nature of the nanoparticles, which often target specific microorganisms
rather than providing broad-spectrum activity. Additional drawbacks include a high initial cost,
potential degradation in efficiency over time, and an increased pressure drop due to nanoparticle

coatings [30,31].

2.2.4 Photocatalysis Oxidation

This disinfection method combines light with oxidation processes to generate reactive oxygen
species, which effectively damage microbial cell structures. Titanium dioxide (Ti0,) is
commonly used as a catalyst to enhance this photoreaction due to its high efficiency [32,33]. This
method is particularly valuable for its continuous disinfection capability and broad-spectrum
antibacterial effects. However, the accumulation of particles on the catalyst surface may reduce its
efficiency, and the catalyst itself generally has a limited operational lifespan. Another limitation of
this technique is the generation of secondary by-products such as aldehydes and ketones

[18,32,34].

2.2.5 Plasma

This disinfection technology utilizes an external electric field to generate electrons, which interact
with bioaerosols and produce reactive chemical species that can damage airborne microorganisms

[35,36]. This technique is capable of inactivating a diverse array of pollutants to reduce the growth
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of adhering fungi and eliminate persistent odors. However, the potential generation of harmful by-
products such as ozone, carbon monoxide, particulate matter, and formaldehyde is one of the
drawbacks of using plasma disinfection technology. Additionally, plasma systems require

operation by trained professionals and may not be cost-effective for large spaces [15].

2.2.6 Ozonation

In this method, corona discharge is used to produce ozone, which effectively inactivates
microorganisms by damaging their cell membranes and proteins [37,38]. While this technique is
fast and efficient against a wide variety of airborne organisms, it has several limitations. For
example, production of ozone and secondary contaminants that can cause respiratory issues. As a
result, ozonation is not recommended for use in occupied areas. Furthermore, ozone is inherently
unstable and must be applied at carefully monitored concentrations right before usage to ensure

both safety and effectiveness [37,39].

2.2.7 Thermal Treatment

This method involves the use of high temperatures, either through dry or moist heat, to eliminate
bioaerosols by denaturing enzymes and proteins [40,41]. This method is characterized by its speed
and high effectiveness, as it does not generate by-products and pose excessive pressure in the
system. However, it requires high operating temperatures, which leads to high energy
consumption. Thermal treatment is often not cost-effective for large spaces. It may add additional
heat to HVAC systems and cause thermal deformation in some materials, and it is more suitable

for applications in the food industry and the sterilization of medical equipment [40,42].
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2.2.8 Ultraviolet and Microwave

Utilizing ultraviolet radiation in HVAC systems is one of the most common disinfection
technologies. By incorporating UV lamps inside an HVAC system or a duct, engineers aim to use
radiation to kill and inactivate pathogens. UV sterilization produces short-wavelength
electromagnetic waves, with peak irradiance around 254 nm, to disrupt the DNA of pathogens and
effectively prevent their replication [43,44]. This inactivation method is highly efficient, widely
available commercially, requires no chemical additives, and creates minimal airflow resistance.
UV exposure poses health risks, including skin erythema and eye damage (photokeratitis), and
long-term exposure is carcinogenic. In addition, UV systems can produce ozone and free radicals

and may introduce excess heat into HVAC systems, reducing overall efficiency [11,29,45,46].

Microwave disinfection technology operates via electromagnetic waves at frequencies of 300 to
3000 MHz. In this method, the induced heat generates non-ionizing electromagnetic waves that
rapidly break down cell membranes, proteins, and enzymes. This method is effective in
diminishing the production of unwanted disinfection by-products. Microwave disinfection is
valued for its simplicity and reliability. However, potential health risks associated with microwave

radiation limit its application, and it is primarily used in the food industry [47].

Despite the advantages of the technologies reported in the literature, the application of these
technologies is linked to high capital costs, significant energy demands, the generation of harmful
by-products, complex installation and maintenance procedures, and a decline in efficiency over

time.

Among the different disinfection approaches, this study focuses especially on thermal disinfection.
Heat-based inactivation is a highly effective method for eliminating a wide range of infectious

microorganisms. Heat demonstrates a strong ability to penetrate material for neutralizing the
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majority of infectious organisms by altering their enzymatic and protein structures. In addition,
thermal treatment is recognized as an eco-friendly, effective, and safe approach for disinfecting
microorganisms in HVAC systems [48—50]. Therefore, in the following sections, a thorough
examination of heat-based disinfection technologies’ effectiveness, applications, and operating

principles are provided, along with references to the relevant literature.

Successful sterilization by heat depends primarily on two parameters: temperature and exposure
time. Figure 2.3 shows the required temperature and exposure duration needed for inactivating
some common airborne microorganisms. The findings indicate that most pathogens can be
effectively neutralized when exposed to a steady temperature of about 65 °C for approximately 10
minutes [22,51-59]. This demonstrates that thermal treatment can play an important role in
eliminating microorganisms trapped within HVAC filters. In the Figure 2.3, Escherichia coli,
Mycobacterium tuberculosis, Legionella pneumophila, and Pseudomonas aeruginosa are classified
as bacteria; Aspergillus, Penicillium, and Mucor are classified as fungi; while Rhinovirus
(common cold), MERS-CoV, human influenza, MS2, avian influenza, SARS-CoV, and SARS-

CoV-2 (COVID-19) are classified as viruses.
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Figure 2.3. The required temperature and exposure time for thermal inactivation of various airborne pathogens
[22,51-59].

2.3 Heat-based Disinfection Technologies

Heat-based technologies provide key advantages, such as ease of implementation and high
efficient [41,60,61]. In this section, various aspects and applications of thermal disinfection across
different systems are explored, providing a better understanding of the performance of this
technology and its potential limitations. Grinshpun et al. [62] conducted an experimental
investigation on the effects of axial heating in a continuous air flow chamber for the inactivation
of aerosolized MS2 viruses. This system utilized dry heat without any moisture, with temperatures
ranging from 50 to 300 °C and exposure times between 0.1 and 1 second. The results showed that
at a temperature of 170 °C with a flow rate of 18 L/min and at a temperature of 250 °C with a

flow rate of 30 L/min, 99.996% of viable virions were deactivated. Building on this experimental

20



evidence, Vlaskin [63] proposed a theoretical thermal inactivation system for air disinfection. His
concept involves heating air to temperatures between 50 °C and 250 °C using a heat exchanger,
followed by a cooling phase (Figure 2.4). According to the author, the effectiveness of this
proposed system would depend on both temperature and exposure time. Though not
experimentally validated, this system is suggested as adaptable for mobile personal disinfectors,
stationary indoor air disinfectors, and HVAC systems. Overall, these studies demonstrate that
heating air to high temperatures can effectively inactivate viruses, while more work is needed to

turn this idea into practical and large-scale systems.
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Figure 2.4. Scheme of a proposed solution for thermal inactivation of airborne pathogens. 1. filter, either coarse or
fine; 2. air supply device; 3. heat exchanger for heat recovery (to warm the inlet air and cool the outlet air); 4.
heater to warm the air up to the specified maximum temperature; 5. thermal insulation.

A range of studies has explored the application of solar thermal energy for disinfection purposes,
specifically targeting the inactivation of viruses on various surfaces. One investigation by Sagade
and Palma-Behnke [64], examined the practicality of using a solar thermal energy-based device to

inactivate SARS-CoV-2 viruses from different surfaces, with a particular focus on cotton. The
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researchers achieved a temperature range of 75 °C to 80 °C, which is the required temperature for
effective viral inactivation. Effective disinfection was achieved by sustaining the temperature
range for 60 minutes. They also showed that the exergy efficiency of the proposed system varied
from 12.62% to 22.69%. Therefore, the researchers concluded that this heat-based technology is
an appropriate and cost-effective solution for reducing viruses; however, several improvements

are required to minimize heat loss and extend its use to wider conditions.

In a complementary approach, Soni et al. [65] have also developed a numerical model for a solar-
assisted heat treatment system aimed at airborne virus deactivation and hospital air disinfection.
Their setup consists of a solar collector, auxiliary electrical heater, a porous unit, a disinfection
chamber, and a cooling unit. In the proposed system, microorganisms are first captured by a porous
medium, after which electrical heaters, powered by a solar collector, raise the chamber temperature
to 105 °C for a five-minute exposure period. As a result, the air passing through the porous medium
is disinfected and subsequently cooled via a heat exchanger to restore thermal comfort conditions.
The system is designed to run continuously, using solar energy to heat the air during the day and
switching to electric heaters embedded in the porous medium at night or during transition periods.
Their simulation results indicate energy efficiencies of 37.4% and 91.1% for daytime and
nighttime operations, respectively. Xi et al. [66] proposed a novel passive solar heating approach
for inactivating bioaerosols. In this study, the potential of a Trombe wall, which is typically used
for heating and natural ventilation, was investigated for inactivating COVID-19 viruses inside a
room measuring 6 m X 3m X 3 m in China. In order to calculate the air temperature within the
Trombe wall duct, they used an energy balance approach and first-order reaction kinetics were
employed to estimate the thermal inactivation rate of viruses. The experimental results

demonstrated that the outlet air temperature could reach up to 94.8 °C, providing an average
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thermal efficiency of 45.7 %, and simulated single-pass inactivation efficiency rates were 59.1%
for SARS-CoV-2 and 89.3% for SARS-CoV-1 and MERS-CoV. While the proposed disinfected
Trombe wall shows strong potential as a passive, solar-driven system for combined heating and
virus inactivation, particularly at poorly ventilated or rural houses without mechanical ventilation
systems, it requires experimental validation, broader climate testing, and economic assessment. In
2024, Xie. et al. [67] developed a photovoltaic-Trombe wall system including photovoltaic power
generation, solar air heating, air filtration, and thermal sterilization to inactivate Klebsiella
pneumoniae bacteria. The results showed that disinfection efficiency increased from 15.2% at 45
°C to 74.3% at 85 °C. Simulations for winter in Hefei, China, showed electrical and thermal
efficiencies of 13.4% and 21.8%, with outlet air temperatures reaching up to 75 °C. The system
also reduced indoor bacterial concentrations by more than 60%, reducing the time for a 90% drop
in bacterial levels from more than three hours to roughly one hour. The design also helped prevent
bacterial buildup on filters. Although this system addresses both energy efficiency and indoor air

quality, it relies on a single bacterial species and provides no long-term or cost analysis.

Another heat-based disinfection technology is the use of self-heated filters, which are designed to
be electrically conductive. In this regard, Yu et al. [68] investigated a novel filter design utilizing
heated nickel (Ni) foam for the removal of SARS-CoV-2. Their findings indicated that when the
filter temperature approached 200 °C, nearly 99.8% of the aerosols captured by the filter were
inactivated. This technology is particularly suitable for use in closed and confined environments.
However, its performance under real HVAC operating conditions and long-term stability under
repeated heating cycles are the main limitations of this system. In another study, Ludwig-Begall et
al. [69] evaluated the effectiveness of using vaporized hydrogen peroxide (H,0,), and dry heat

treatment for decontaminating porcine respiratory coronavirus (PRCV) from surgical face masks
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and filtering facepiece respirators. In the vaporized (H,0,) method, the surgical masks, filtering
facepiece respirators, and a chemical indicator were individually sealed in Mylar/Tyvek pouches
and sterilized using vaporized hydrogen peroxide (VHP) in the V-PRO Max Sterilizer. This process
utilized 59% liquid hydrogen peroxide and involved a 28-minute non-lumen cycle consisting of
preparation, sterilization, and ventilation phases. In the dry heat treatment, surgical masks and
filtering facepiece respirators were placed horizontally on a metal frame and inserted into an
electrically heated chamber, where they were treated at a temperature of 102 °C (£4 °C) for 60
minutes (+15 minutes). The results indicated that these technologies significantly reduced the
presence of viruses. However, their practical application depends on factors such as scalability,

equipment availability, and mask integrity after repeated cycles.

Thermal inactivation solutions have demonstrated strong potential for eliminating a wide range of
microorganisms in the literature. However, several challenges limit their broader adoption. The
key issues include the need for very high temperatures and long exposure times in designs, energy
losses, dependence on certain operating or climate conditions, limited testing against different
pathogens, and uncertainties regarding durability and cost-effectiveness in the long run. To address
the drawbacks of the existing technologies, alternative approaches can be proposed to achieve

disinfection without requiring bulk heating of air or surfaces.

Radiation-based technologies, such as UV and IR, provide non-contact ways to inactivate microbes

quickly and can be used as a supplement or even an alternative to heat-based disinfection.
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2.4 Radiation-based Disinfection Technologies

Radiation-based disinfection methods are widely used to inactivate pathogens by damaging their
cellular structures and genetic material. These technologies are adaptable and effective in various
settings, from healthcare to public spaces, with potential for integration into modern disinfection

units [70,71].

Among radiation-based technologies, ultraviolet-C (UV-C) irradiation (UV spectrum with
wavelengths between 100 and 280 nm) has been widely applied for microbial inactivation due to
its ability to disrupt the DNA and RNA of pathogens. The performance of this method strongly
depends on the intensity of the radiation and the duration of exposure, both of which lead to higher

rates of inactivation [72].

To enhance the effectiveness of UV disinfection, researchers have explored combining it with other
methods [73]. Mahanta et al. [74] in 2021, conducted experimental research on the effectiveness
of combining heat and ultraviolet (UV) radiation to disinfect pathogenic bacteria and the SARS-
CoV-2. Their goal was to develop a cost-effective, innovative method for microbial deactivation.
In their experiments, they used two 100 W incandescent bulbs and two 11 W UV-C lamps within
a small wooden box made from plywood to investigate the optimal temperature and exposure time
for disinfection. Their results showed that glycoprotein (used as a model for the SARS-CoV-2
spike protein) and E. coli bacteria (collected from everyday items) were effectively damaged at 70

°C with an exposure time of 15 minutes.

Building on this research, Mahanta et al. [75], in 2022, extended their work by investigating the
combined use of IR and ultraviolet-C (UV-C) radiation for disinfection. In their experiments, they

used a 250 W IR lamp and two 11 W UV-C lamps. Results indicated that the combination of IR

25



and UV-C radiation was more effective than UV-C radiation with visible light. The optimal
temperature in this method was 65.61°C with an exposure time of 13.52 minutes, both of which
were lower than the requirements reported in their 2021 study. This enhanced efficiency is
attributed to the superior penetration capability of IR radiation. One potential application of this
system is in disinfecting hospital waste prior to disposal, which could reduce the spread of

pathogens and improve safety in waste management processes.

More recently, research has shifted toward optimizing UV disinfection for air treatment
applications. In 2023, Lim et al. [76] conducted an experimental and numerical study to evaluate
the performance of a UV system designed to inactivate bacterial spores in cabin air. The study
specifically focused on assessing the system's effectiveness across a range of relative humidity
(RH) levels. Results showed that RH significantly influences the disinfection process. For instance,
at RH = 100 %, and UV dose of 20 mJ/cm?, 99.7% of Bacillus subtilis spores and be
deactivated, whereas at RH = 20 % and with the same dose of UV, inactivation rate increase to

99.94%.

Despite the widespread use of UV technologies for microbial inactivation, they can also cause
serious issues, including risks of eye and skin damage and the possibility of structural degradation
from repeated use [77] . By contrast, the IR form of radiation, which exists between the visible red
light and microwave regions of the electromagnetic spectrum (wavelengths between 0.7 um and

1 mm), has a strong thermal effect and is safe for use.

Infrared radiation-based technologies have recently emerged as a promising approach for
disinfection due to their both health and environmental advantages. For example, IR radiation does

not generate harmful byproducts and is already used in therapeutic treatments and considered safe
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for human exposure. These characteristics make IR particularly attractive for disinfection

processes where minimizing operator hazards and preventing material degradation [78,79].

In 2002, Mata-Portuguez et al. [80] evaluated a prototype infrared sterilizer for disinfecting
stainless steel dental instruments which are contaminated with Bacillus subtilis spores and
compared the IR method with conventional dry heat technology. The results showed that the
instruments were completely disinfected at approximately 180 °C during 9 minutes, with an energy
consumption of about 600 W. They also stated that IR provides significant advantages, including
shorter sterilization cycles, reduced power consumption, and the elimination of toxic residues in
comparison with dry heat methods. Finally, they concluded that IR radiation can provide rapid,
energy-efficient sterilization and an environmentally friendly approach; however, this method was
limited to non-heat-sensitive instruments. Similarly, in 2022, Staretu and Voicu [79], proposed an
infrared radiant panel system for the sterilization and disinfection of hospital protective equipment.
Radiant panels, which operate on electricity, produce infrared radiation that directly heats objects
in its path, effectively warming protective equipment without impacting the surrounding air
temperature [80]. Consequently, they are highly efficient and convert nearly all consumed
electricity into heat, so that each kilowatt of electrical power yields an equivalent amount of
thermal energy [79,81]. In their work, they demonstrated the use of radiant panels for disinfecting
items such as face masks, gloves, visors, gowns, and various medical utensils. They showed that
temperature and exposure time can be adjusted according to characteristics of each item, so that
all protective equipment consistently reached the effective disinfection range of 85 °C —90 °C
without causing material damage. For example, for large loads, the system requires approximately
30 minutes to reach 90 °C, after which a short exposure of 1-5 minutes is sufficient to achieve

complete disinfection.
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Extending the use of IR radiation beyond instruments and personal Protective Equipment,
Karabdce et al. [78] in 2022, investigated its effectiveness for surface disinfection under both open
and closed environmental conditions. They set up experiments in both open and closed
environments and used scaffolding to position the IR panels at varying heights. Their study showed
that virus inactivation was strongly influenced by humidity and airflow. During the experiments,
the surface temperature reached up to 44 °C . The results demonstrated that at a relative humidity
of approximately 50%, and the IR panel positioned at a height of 1.4 meters, after 3 hours of
exposure in a closed environment, approximately 90% of the viruses were inactivated. While in
open-air conditions, with an airflow rate of 0.20 m/s, and the IR panel placed at a height of 1.0
meters after 10 minutes, the inactivation rate was 45.7%. The reason is that although airflow
enhances rapid virus inactivation by accelerating droplet evaporation, convective heat losses limit
the maximum disinfection compared to stagnant conditions. The experimental setup of their study
is shown in Figure 2.5. To monitor surface temperature, they utilized an IR camera to measure
temperature changes induced by the IR panels. In the closed experimental setup, an air nebulizer

was employed to regulate humidity in the isolated chamber.
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Figure 2.5. Experimental setup used by Karaboke et al. [78] to investigate the use of IR radiation for surface
disinfection and virus deactivation.
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IR technology has also been applied to filter disinfection to enhance disinfection efficiency. Damit
et al. in 2011 [82], investigated the performance and effectiveness of using infrared radiation for
air filter disinfection. In this experimental study, two reflector heat lamps (BR40) with power
ratings of 125 W and 250 W were used as IR radiation sources. These lamps emitted energy at a
maximum wavelength of 1 micron, which lies within the near-infrared range. A HEPA filter with
a circular cross-section of 46 mm in diameter was employed in the setup. In order to increase the
IR radiation absorption, an activated carbon (AC) fiber mat was incorporated in direct contact with
the HEPA filter to enhance the absorption of IR radiation. Heat transfer between the AC mats and
the HEPA filter occurred through conduction. The AC mat is known for its high IR absorption

properties [83].

The IR lamp was positioned 20 cm from the surface of the fiber mat. To direct the radiation towards
the filter, a cylindrical aluminum foil was wrapped around the lamp, and an additional aluminum
foil was placed under the fiber mat to redirect the incident ray toward the filter surface. The results
showed that if the filter surface temperature reached approximately 200 °C, microbes over the filter
could be inactivated within 5 seconds. The temperature of the fiber mats was measured using an

IR pyrometer, as shown in Figure 2.6.
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Figure 2.6. Schematic of the (a) experimental setup and (b) Temperature measurement configuration used in the
study by Demit et al.[82]

The reviewed literature indicates that existing IR radiation technologies show strong potential for
disinfection due to their safety, high energy conversion efficiency, and absence of harmful by-
products. IR has been mostly used for the disinfection of medical instruments or decontaminating

personal protective equipment and few studies have integrated IR radiation with air filtration [61].

2.5 Novelty and Contributions

It is evident from the reviewed literature that a clear gap exists between existing disinfection
technologies and their applicability to HVAC filtration systems. Conventional disinfection
methods often involve high operational costs, high energy consumption, complex maintenance
requirements, and performance degradation over time. On the other hand, heat-based disinfection
technologies offer a strong microbial inactivation capability; however, their widespread
implementation is limited by high temperature requirements, long exposure times, and substantial

energy losses.
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The proposed infrared ceramic heating system offers several advantages over other heat-based
disinfection methods, such as embedded heating systems, natural convection methods, and forced
convection systems [84], all of which were developed and tested in our research group’s laboratory.
Unlike embedded heating systems, the current system operates externally, without integrating
wires into the filter media; therefore, it is compatible with a wide range of pleated HVAC filters
without modification. Also, since there is no direct contact with the filter surface, it reduces the
risk of localized overheating and thermal degradation, and its standalone design simplifies

maintenance, inspection, and retrofitting.

Compared with natural convection-based systems, the infrared approach provides a more uniform,
controlled temperature distribution. Moreover, infrared radiation delivers energy directly to the
filter surface without dependence on air movement, so the system reaches disinfection
temperatures much faster. In contrast to forced convection systems, the proposed system eliminates
the need for high-velocity hot air, avoiding uneven heating, excessive pressure drop, and large
temperature gradients. Additionally, it can be easily installed near existing filter units with minimal

duct modification and operates more quietly and efficiently due to the absence of large fans.

Similarly, radiation-based approaches such as ultraviolet technologies, despite their proven
effectiveness, pose health and environmental issues that limit their use in HVAC systems.
Regarding infrared radiation, although it has been widely used for the inactivation of infectious
agents in “non-aerosol” applications [78,82], no technologies currently available on the market use

infrared heating to inactivate pathogens in the HVAC system.

To address the mentioned research gaps, the present thesis will develop a methodology for the

optimal design of an integrated system combining pleated HVAC filters with infrared ceramic
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heaters for heat-based disinfection. The main novelty and research contributions of this thesis

include:

1. Proposing a novel, low-cost air disinfection approach that combines air filtration with
thermal inactivation.

2. Demonstrating reduction of the infection risk through on-filter inactivation of captured
microorganisms, contributing to safer and cleaner indoor air.

3. Enhancing energy efficiency by utilizing infrared radiation, which transfers energy directly
to the filter surface with minimal losses, as IR propagation is largely unaffected by the air
medium between surfaces.

4. Identifying optimal geometric and operational parameters that promote uniform
temperature fields and effective disinfection across the filter surface.

5. Establishing a modeling framework combining radiative view-factor analysis and
numerical simulation to predict temperature distribution.

6. Evaluating the thermal performance of the proposed system under realistic HVAC

conditions, confirming the feasibility of IR-based heat-driven disinfection.
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Chapter 3. Experimental Methodology & Setup

3.1 Preface

Experiments are a primary part of this thesis, providing data to assess temperature profiles across
the filter surface and to determine the effectiveness of radiative thermal disinfection as well as to
evaluate how a controlled radiant heat source influences temperature distribution across different
filter configurations and materials. For accurate interpretation of the results, temperatures were
recorded at several points on the filter surface as well as within the test unit. Overall, these

experiments were designed to capture the practical aspects of radiative heat-based disinfection.

3.2 Experimental Setup Description
The experiments were designed to measure temperature distribution over a pleated filter exposed

to radiant heat transfer and to record the corresponding electrical energy consumption.

The experimental setup consists of a rectangular test unit with a cross-section of 65 cm X 32 cm

and a length of 120 cm. The unit is constructed from solid polycarbonate sheets with a thickness
of 6 mm. To improve both structural strength and thermal insulation, twin-wall polycarbonate of
the same thickness (6 mm) is used for the internal walls and to enhance stability of the unit the
bottom side is strengthened with 2 cm thick wood. In addition, the interior surfaces of the unit are

lined with aluminum foil to improve reflection and minimize heat losses.

In addition to the test unit itself, the experimental setup for this study includes the following
components and instruments: pleated filter, including regular MERV-11 and carbon-coated MERV-
8, a ceramic heater as the radiant heat source, a PID (Proportional-Integral-Derivative) controller,

Type-T thermocouples, and data loggers. In the following the detailed of each part are describe.

33



The completed setup, which includes the experimental equipment, can be seen in Figure 3.1a and

3.1b.
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Figure 3.1. (a) Experimental setup and associated equipment; (b) interior view of the unit showing the pleated
filter.

The primary heat source in the experimental setup was a ceramic infrared panel radiator. Its role

was to provide stable radiant heating to the pleated filter surface (Figure 3.2). The technical

specifications of the ceramic heater device are listed below:

e Type: HTS/I flat ceramic infrared radiator

e Power rating: 200 W

e Operating voltage: 230 V

e Dimensions: 245 X 60 X 30 mm (length X width X height)
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e Maximum permissible surface temperature: up to 860 °C, with a typical operating range of
450-700 °C

e Radiant wavelength range: 2—-10 um

The HTS/1 radiator is manufactured using a hollow-casting ceramic process with internal
insulation, which enhances radiant efficiency while minimizing heat loss to the backside [85].
Also, a key feature of this model is the built-in Type-K thermocouple, integrated into the ceramic

body, which provides direct surface temperature measurement and feedback during operation.

The ceramic heater was placed directly facing the pleated filter within the polycarbonate unit (see
Figure 3.3), with an aluminum reflector mounted behind it to enhance forward radiation and reduce

heat losses to the enclosure.

The heater was mounted on the polycarbonate gate, which was lined with aluminum foil to enhance
thermal shielding and minimize heat losses. This configuration directed most of the radiant energy

toward the filter surface, ensuring uniform and repeatable heating throughout all experiments.
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Figure 3.2. Views of the ceramic heater device, including (a) the front surface with mounting clips, (b) rear electrical connections, and
(c) side view showing the heater thickness.

Figure 3.3. Ceramic heater setup with an aluminum reflector mounted on the gate to intensify forward radiation
and reduce heat dissipation.
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Two types of commercial polyester pleated HVAC filters were employed in this study: a regular
MERV-11 filter and a carbon-coated MERV-8 filter with dimensions of 12 X 24 in (Figure 3.4a
and 3.4b). These were selected to represent typical filtration media used in ventilation systems and
to evaluate how surface treatments influence heating and disinfection performance. The filters
were set up vertically inside the unit, facing the ceramic heater. To monitor the surface temperature
distribution throughout the heating cycles, fifteen T-type thermocouples (OMEGA) with a

diameter of 0.08 mm and accuracy of £0.5 °C were attached to the pleats of the filter.

Since the laboratory power supply operated at 110 V and the ceramic heater required 220V, a step-
up &down transformer was used to convert the input voltage from 110 V to 220 V. The output of
the transformer was then connected to a power meter (Poniie-PN2000), which enabled real-time

measurement of the electrical consumption during each experiment (Figure 3.5a and 3.5b).

ANBHALYIA

(b)
Figure 3.4. Views of (a) regularMERV-11 filter and (b) carbon-coated MERV- 8 filter.
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Figure 3.5. (a) Step-up ad down transformer used to convert the 110 V laboratory supply to 220 V for powering
the ceramic heater; (b) power meter connected in the circuit to monitor real-time electrical consumption during
the experiments.

A PID temperature controller (OMEGA-CN32PT-145) was used to manage the ceramic heater’s
surface temperature (Figure 3.6). It worked by adjusting the electrical power sent to the heater
based on the feedback signal, allowing the heater to quickly reach and reliably hold the target

temperature during the experiments.

The PID controller was powered through the connection of the transformer and the power meter.
Then the ceramic heater was connected directly to the PID, with two terminals for the 220 V supply

and two for the built-in Type-K thermocouple.

During operation, the PID compared the measured temperature with the chosen setpoint and
adjusted the electrical power delivered to the heater as needed. By rapidly modulating the supplied
power, the controller reduced fluctuations, prevented overshoot, and kept the heater at a steady

operating temperature.

39



This closed-loop control enabled the ceramic heater to rapidly reach and accurately maintain the
target temperature required for disinfection. At the same time, the power meter provided a direct
measurement of the electrical energy consumed, ensuring that both thermal and energy

performance were consistently monitored.

Figure 3.6. PID temperature controller used in the experimental setup.

A sixteen-channel data logger (NI-9213) was used to record the temperature distribution
throughout the experimental unit. A total of nine thermocouples were mounted on the front face of
the pleated filter, and five thermocouples were placed on the back side of the filter to capture the
surface temperature distribution. The final thermocouple was positioned on the polycarbonate gate,
at the location where the ceramic heater was mounted, to track background and reflective heating

effects.
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Figure 3.7. (a) Data logger with connected thermocouples, (b) placement of thermocouples on the front face of
the pleated filter.

3.3 Experimental Cases
To investigate the performance of using ceramic heaters for disinfecting pleated HVAC filters, a
series of experiments was designed and conducted under varying configurations. Table 3.1

summarizes the key operating parameters and geometrical conditions used in the experiments.

Table 3.1. Summary of key parameters used in the experiments

Parameters Symbol/Unit Range / Value Description
Heater—Filter Distance D (cm) 10-100 Center-to-center spacing
between heater and filter
Heater Tilt Angle a(®) 0, 10, 20 Inclination of the ceramic
heater relative to vertical
Heater Set-Point Tsetpoine (°C) 180-350 Controlled at ceramic surface
Temperature (PID sensed point)
Filter Type - MERYV 8§ & 11 Pleated HVAC filter

(Regular and Carbon-coated)
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Each case targeted a specific parameter and purpose to isolate their influences on temperature
distribution and heating uniformity. Before starting each test, the experimental unit was set up with
the ceramic heater(s) and pleated HVAC filter arranged at the required distance and tilt angle for
that configuration. The thermocouples were connected to the data logger, and the system was left

to stabilize at room temperature (22 °C) before switching on the heater.

The ceramic heater setpoint temperature was then adjusted using the PID controller to the desired
temperature. The temperature distribution across the filter surface is continuously recorded at a
sampling interval of 0.1 seconds. Each run was continued until the filter surface reached the target
disinfection temperature of 65 °C. Then the tests were run for an additional 10 minutes to ensure
the filter is disinfected. Between tests, the unit was allowed to cool back to ambient conditions to
minimize any carry-over effects from the previous run. The investigations were grouped into four

categories:

Group I: Experiments conducted in a fully aluminum-foil-covered unit with a single ceramic
heater. These tests examined the influence of heater-to-filter distance, heater tilt angle, heater
setpoint temperature, and filter materials (regular versus carbon-coated) on the temperature

distribution across the filter surface.

Group II: Experiments using one or two ceramic heaters in units where the gates were not covered

with aluminum foil, to study the combined effect of heater quantity and boundary conditions.

Group III: Targeted experiments conducted under specific conditions to allow comparison with

analytical calculations. The aim was to predict the experimental data with analytical results.

Group IV: Experiments carried out under selected conditions to provide a direct basis for

comparison with numerical simulations.
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3.4 Uncertainty Analysis

Doing uncertainty analysis is an important part of every experimental study, as the uncertainty of
the equipment used for measurements can accumulate and affect the experimental results. The
primary source of uncertainty in the current experiments arises from the temperature
measurements. The uncertainty associated with temperature measurements was evaluated in
accordance with the Ref. [86], considering both Type A and Type B components. Type A
uncertainty represents random variations obtained from repeated measurements, while Type B
uncertainty accounts for systematic effects related to sensor calibration, data logger accuracy, and

resolution.

The average filter temperature (T), standard deviation (s), and standard uncertainty of the mean

(u) were calculated sequentially using the following equations:

Tl 3.1
n

3.2

33

where T; represents the individual readings, and n is the number of measurements. For n = 5, the
maximum standard uncertainty throughout the 25-minute experiment durations was calculated as

u=043°C.

Type B uncertainties were estimated from manufacturer specifications and calibration certificates,

including thermocouple calibration, data-logger accuracy, and data-logger resolution.
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The corresponding probability distributions, divisors, and standard uncertainties for each

component are summarized in Table 3.2.

Table 3.2 Spreadsheet model showing the uncertainty budget

Source of uncertainty Value Probability Divisor Standard uncertainty
(°C) distribution (°C)
Th 1 2
. e.rmocoup e. 0.5 Normal 2 0.25
calibration uncertainty
Data logger 025 Normal ) 0.125
uncertainty
. 0.0006
Data logger resolution 0.001 Rectangular V3
Standard uncertainty
of mean of 5 repeated 0.43 Normal 1 0.43
readings
Combined standard
ombIne S andat - Assumed normal - 0.51
uncertainty
A 1
Expanded uncertainty - ssumed norma - 1.32

(k=2.58)

The Divisor represents the factor used to convert a specified tolerance or uncertainty range (e.g.,

+ value) into a standard uncertainty (1 s) based on the assumed probability distribution. For a

normal distribution, the divisor is 2, while for a rectangular (uniform) distribution, it is V3, as

recommended by Bell (2001) [86].

The combined standard uncertainty was obtained as [86];

34
U, = Zujz
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which resulted in u, = 0.51 °C. The expanded uncertainty, representing the range within which

the true temperature value is expected to lie with approximately 99 % confidence, was calculated

as [86],

U=ku, 3.5
where k = 2.58 is the coverage factor corresponding to a 99 % confidence level. Thus, the

expanded uncertainty for all temperature measurements was U = 1.02 °C.
Accordingly, each measured temperature can be reported as:

T=T+132°C 3.6
which means the true value of temperature is expected to fall within + 1.32 °C of the measured
mean value with 99 % confidence. This expanded uncertainty should been consistently applied in

all reported temperature values, tables, and figures throughout this thesis.

3.5 Chapter summary

This chapter presented the experimental setup and methodology used to evaluate radiative heat-
based disinfection of pleated HVAC filters. The detailed of the construction of the test unit, the
instruments used, and the testing conditions to measure temperature distribution, energy
consumption, and heating uniformity across different filter types and configurations was provided.
In addition, this chapter included the uncertainty analysis conducted to assess the reliability and

accuracy of the experimental measurements.
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Chapter 4. Radiative Heat Transfer Analysis and Numerical

Simulation

4.1 preface

This chapter applies the fundamental principles of radiative heat transfer and numerical simulation
to analyze the thermal behavior of the proposed system. The first part outlines the theoretical basis
for radiation exchange between surface to emphasize the role of view factors in determining
geometric relationships that influence heat transfer. The subsequent numerical analysis employs
these principles to simulate the temperature distribution within the enclosure. This combined
theoretical and computational approach provides a foundation for interpreting experimental

observations and understanding the dominant heat transfer mechanisms in the system.

4.2 Radiation Exchange: Fundamentals to Two-Surface Enclosures
In analyzing radiative heat transfer within an enclosure, it is first necessary to consider the basic
principles of radiation exchange together with the geometric aspects that govern the transfer,

commonly referred to as view factors.

According to Incropera and DeWitt’s Fundamentals of Heat and Mass Transfer [87], the net
exchange of radiation at surface i can be expressed in terms of the radiosity (J), the irradiation (G),
and the surface blackbody emissive power (E}). This general framework provides the basis for

later emphasizing the role of view factors in quantifying the interaction between different surfaces.

q; = A;(Ji — Gy) 4.1
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And the radiosity which is defined as the total energy leaving a surface (emission plus reflection),

is expressed as [87]:

Ji = Ei + piG; 4.2
In Eq. (4.2), p; denotes the surface reflectivity. The net radiative transfer from the surface may also

be expressed in terms of the surface emissive power and the absorbed irradiation [87]:

qi = Ai(E; — a;Gy). 4.3
where «; is the absorptivity of the surface, and for an opaque surface a; = 1 — p;. According to
Kirchhoff’s law of thermal radiation, for a surface in thermal equilibrium, the emissivity equals

the absorptivity, i.e., & = a; [87].

Using the definition ¢; = If—i, for opaque, diffuse—gray surfaces, the radiosity can be related to the
bi

blackbody emissive power (E,;) , as follows [87]:

Ji = €Epi + (1 — &)G; 4.4

And equivalently [87];

Eyi —Ji 4.5

U= =) ea;

This form of radiative transfer, illustrated by the network element in Figure 4.1, is driven by the

potential difference (E},; — J;) and is characterized by a surface radiative resistance expressed as

(1 - &) /A,
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a9

Figure 4.1. Network element representing the net radiation transfer from a surface.

In radiative heat transfer analysis, the view factor is a key parameter that quantifies the geometric
relationship between two surfaces. It represents the fraction of radiation leaving one surface that
directly reaches another, independent of surface temperatures or emissivity’s [87]. Accurate
evaluation of view factors is particularly important for modeling heat transfer in enclosures with
complex geometries, such as filter—heater systems. The reason is that it directly affects the
prediction of temperature distribution and thermal performance.

The following section presents the governing equations and methodologies for calculating the view
factors relevant to this study, providing the foundation for linking experimental observations with

theoretical predictions.

4.2.1 Governing Equations for View Factor Determination

The calculation of view factors is grounded in the fundamental principles of radiative heat
exchange between surfaces. The view factor, F;_, represents the proportion of radiation leaving
surface 1 that is incident directly on surface 2. Its evaluation depends solely on geometry and

orientation, and it satisfies both reciprocity and summation rules [87].

The radiative exchange between the heater surface (1) and the filter surface (2) can be quantified
using the concept of view factors. For two differential surface elements dA; and dA,, separated

by a distance R, the view factor is defined as:
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1 COS (1 COS 4.6
Fi_, =— —————dA,dA
-2 = -fAle TR2 204,

where ¢, and ¢, are the angles between the surface normal and the line joining the two differential
areas.

In this study, the following assumptions are applied:

1. Both the absorber (filter) and heater surfaces are diffuse and gray.

2. The intervening medium (i.e., air in this study) is nonparticipating, meaning it does not
absorb, scatter, or emit thermal radiation.

3. Radiation exchange is modeled using the radiation network analogy, where the net heat
flux between surfaces is determined from the balance of emitted, reflected, and absorbed

radiation.

The exchange of thermal radiation between two diffuse—gray surfaces separated by a
nonparticipating medium can be conveniently represented by a network analogy [87]. In this
approach, each surface is treated as a radiosity node that exchanges radiation with the other
surfaces, as introduced in section 4.1. The analogy resembles an electrical circuit, where the
blackbody emissive power (E,; = o T;*) provides the driving potential, and the surface and

geometric properties of the enclosure appear as resistances.

Using the network representation which is illustrated in Figure 4.2, the radiation exchange between
two surfaces can be expressed as:
o (T," =T, 4.7

1—¢ 1 1—¢
+ +
&4, Ay Fy_q &4,

qi-2 =41 = —q2 =
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Figure 4.2. Radiation network analogy for two-surface exchange [87].

q1 1s the net rate of radiation leaving surface 1, which must be equal to the net rate of radiation
received by surface 2 (q,). Both terms are therefore equivalent to the net rate of radiative exchange
between the two surfaces, denoted as g, _,, since the enclosure considered here involves only two

surfaces.

In the present study, several surface pairs may participate in radiative exchange, including heater—
filter, heater—wall, and wall-filter interactions. However, in the present calculations, only the
radiation exchange between the heaters and the filter is considered, as this interaction represents
the dominant exchange mechanism and provides a reasonable simplification for the scope of the

analysis.

4.2.2 Application of Shape Factor Equations to the Filter Subsections

To investigate the effect of radiation on different regions of the filter surface, the filter was divided
into three subsections: bottom, middle, and top. This subdivision enables a direct comparison
between the temperature distribution obtained experimentally and the corresponding view factors

of the heater to each subsection, as illustrated in Figure 4.3.

For the calculation of view factors from the heater to each subsection, the shape factor equations
for plane rectangular surfaces developed by Gross.et.al. [88] were employed. Their method
provides analytical and semi-analytical formulations for evaluating view factors between

rectangular surfaces of arbitrary position and size with parallel boundaries. They aimed to offer
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practical equations for calculating shape factors in engineering problems, for example, in solar
receivers or enclosures subdivided into many surface elements [88]. This approach is particularly
suitable for the present configuration, as it avoids the complexity of shape-factor algebra and

allows efficient computation of view factors for the three defined filter subsections.

Accordingly, the heater was treated as one surface and each filter subsection as a separate
rectangular surface. The view factor between the heater and each subsection was then calculated
using the Gross et al. [88] formulations. These values were subsequently compared with the

experimentally measured temperature rise across the bottom, middle, and top regions of the filter.

A

=~

g

Wna.ﬂ /

4

\,

A

Figure 4.3. The schematic of the heater—filter arrangement used in the view factor analysis. The filter is divided
into three subsections (bottom, middle, and top), and the infrared heater is represented as a rectangular surface.

The view factor of the heater to the filter’s subsections when the heater and the filter are at an

arbitrary angle of « is calculated by [88]:



_ sin? a(n-y) [ cos a(x—¢& cosa)—& sin a _1 [ ]
AnFh-y = 21 ff sin? a(x2-2x& cos a+§2)1/2 tan (x2- fo cos 0c+g‘2)1/2 +

cosa
sin? a(n-y)

[£2sin? a + (n — y)?]/? tan™! [ x-§cosa ] &sina tan~ [mﬂ +

[£2 sin2 a+(n—y)2]1/2 sina

g x2-2x& cos a+&2+(n-y)?
2(n-y) [ x2-2x& cosa+é&2 ” df

4.8

And when the heater and filter are positioned parallel (i.e., « = 0 °, the view factor is calculated

from [88]:

1 - §—x -1 ((-y)
AnFrey = 5[ = 0@ + (=D tan™ (o Smem) | = 0 = )z van™ (22) +

2 2
[2% + (§ = x)*]"/2(n — y) tan™? [[Z(Zﬁ] -2 [z +(1- y) +(f ~x) ]+1 2 In[2?

0 =92 =2 [+ (€ = 0D)] Iz + (n — y)? + (€ - 0)?] 4.9

Figure 4.4 illustrates the relative position of the two surfaces considered in the view factor

calculations, namely the heater and the filter.

(a) (b)

Figure 4.4. Geometric configuration of (a) two parallel rectangular surfaces and (b) two surfaces in planes
inclined at an arbitrary angle «. (adapted from Ref. [88]).
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As seen in equation 4.8, the expression is too complicated to be solved analytically, equation 4.9
was employed for the calculations of two parallel surfaces. For the case of two surfaces lying in

planes inclined at an arbitrary angle a, either equation 4.6 or 4.8 can be used.

Therefore, to calculate the view factors between the heater and the filter under tilted and offset
positions, a numerical double-area integration was employed. Since no simple analytical solution
exists for the geometry under investigation, the configuration factor integral was solved using a
discretization (panel method) implemented in MATLAB (Appendix A). In this approach, both
surfaces are subdivided into a large number of differential elements. For each pair of elements, the
fundamental relation of radiative exchange was applied, and the contributions were numerically
integrated to obtain the total view factor. To verify the accuracy of the implementation, the code
was also applied to the case of two identical and parallel surfaces. The results were compared with
the reference Figure 4.5 from Incropera [87] , as well as with the analytical solutions presented

by Gross et al. [88] for parallel rectangular surfaces (Eq. 4.9).

0.1
0.07

0.05
0.04

0.03

0.01
0.1 0.2 03 05 1.0 2 345 10 20

Figure 4.5. View factors between two equal, parallel, and directly opposed rectangular surfaces as a function of
normalized dimensions X /L and Y /L. (Adapted from Ref. [87]).
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The comparison of the experimental results with the calculated view factors is provided in chapter

5, section 5.6.

4.3 Numerical Analysis of Heat Distribution

A numerical study was performed to demonstrate that, even with certain simplifications and
assumptions, the model can effectively reproduce the main temperature patterns observed in the
experiments. The analysis focuses on evaluating the influence of parameters such as thermal
conductivity, and heater orientation. The simulations offered useful insight into how these factors

affect the temperature distribution across the filter.
The numerical model is created based on the following assumptions:

e Air and filter properties are constant and isotropic. Air properties were assumed constant
because the temperature variation in the computational domain was not large enough to cause
significant property changes. Moreover, as radiation dominated the heat transfer during the
short comparison period, the effect of temperature-dependent air properties was negligible.

e The filter is simplified as a thin and flat solid plate rather than a pleated medium. This
simplification was necessary because pleat-level modelling would require extensive
computational resources and detailed material characterization.

e The ceramic heater surface temperature is considered constant.

e Only radiation heat transfer is considered and natural convection effects are neglected. This
assumption allowed the analysis to focus on radiation-driven interactions between the heater
and the filter. As will be thoroughly discussed in Chapter 5, radiation dominates the heat
transfer process during the very early stage of heating. Therefore, Since the objective of the

numerical study was to reproduce the temperature behavior of the filter and compare it with
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experimental results, the simulations were limited to the during which radiation is the
prevailing mode of heat transfer.

In addition, the small temperature difference between the enclosure walls and the surrounding
room minimized the potential contribution of wall-driven convection. At the same time, the
convective heat transfer coefficient at room conditions is relatively low [87]. Together, these
considerations justified neglecting natural convection in the numerical model.

e Radiation is modeled using the Surface-to-Surface (S2S) radiation model. This model is
appropriate for enclosures where radiation is the prevailing mode of heat transfer, and it has
been successfully applied in similar studies reported in the literature [89].

e The walls, ceramic heater, and the filter (i.e., all the surfaces) are assumed to be gray and

diffuse, and their emissivity is precisely equal to their absorptivity.

In the following sections, the details related to governing equations, boundary conditions,

numerical grid, and solver settings will be discussed.

4.3.1 Governing Equations
The first governing equation is the conservation of energy. Under the assumptions adopted in this

study, it reduces to the unsteady heat conduction equation.

aT 4.10
PsCp,s ot = V. (ksVT)

where p is the density, C,, is the specific heat capacity, and k is the thermal conductivity of the

filter medium, and subscript s denotes solid properties.

In this formulation, radiation does not appear as a volumetric source term; instead, it is introduced

through boundary conditions applied at the surfaces.
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In this study, the air between the heater and the filter was assumed to be a non-participating

medium, meaning that it does not absorb, emit, or scatter radiation and the S2S model was used.

4.3.2 Surface-to-Surface (S2S) Radiation Model

ANSYS Fluent’s S2S radiation model is based on the assumption that surfaces behave as gray and
diffuse. For a gray surface, the emissivity is independent of wavelength, and by Kirchhoff’s law,
the emissivity is equal to the absorptivity (¢ = a). For diffuse surfaces, the reflectivity is

independent of the direction of the incident or emitted radiation [90].

In this framework, the exchange of radiative energy occurs only between surfaces and is unaffected
by the transparent medium that separates them. According to the gray-body model, when a
radiative flux (G) is incident on a surface, a fraction is reflected (pG), a fraction is absorbed (aG),
and a fraction is transmitted (7G). Since surfaces in most engineering applications, including the
present case, are opaque to thermal radiation in the infrared spectrum, transmissivity can be

neglected, so T = 0 [87,91,92].

Applying conservation of energy gives a + p = 1. Substituting a = &, it follows that p = 1 — €.
This model calculates the radiative heat flux leaving a surface as the sum of the directly emitted
energy and the portion of the incident radiation reflected from other surfaces. The energy leaving

from surface k expressed as [93]:

d _

Qoutk = €k0Tic + Prdink 4.11
Where Gyt 1s the energy flux leaving the surface k ,& is the emissivity, ¢ is the Stefan-
Boltzmann constant, and q;,  1s the energy flux incident on the surface from the surroundings

[93].
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Incident energy flux q;, , can be expressed as:

N 4.12
AkCIin,k = Z AjCIout,jF}'k
j=1

Where Ay is the area of surface k and Fjy, is the view factor between surface k and surface j.

For N surfaces:

AjFj, = AgFyj Forj=1,2,3,..,N 4.13
So that;
N 4.14
Qink = Z ijqout,j
j=1
Therefore, the net radiative heat flux leaving surface k is expressed as:
N 4.15
Qoutk = gkO_TI? +(1- gk) Z ijQout,j
j=1
Equation 4.15 can also be written in terms of radiosity. In this form, the equation becomes
4.16

N
Jk = Ex + szij]j
=1

The term E, = &,0Tj; represents the emissive power of surface k, i.e., the energy it emits due to
its own temperature. The term py, Z?’zl Fy.j]; accounts for the reflected radiation received from all

other surfaces.

This system of coupled surface energy balances is solved simultaneously for all surfaces, and the
resulting net radiative fluxes are imposed as boundary conditions in the conduction equation. In

other words, radiation enters the analysis only through surface boundary conditions. The S2S
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model provides the net radiative heat flux qgﬁgk at each wall, which is then applied to the solid

energy equation, while the air is treated as a non-participating medium with no volumetric

radiation source.

4.3.3 Model Schematic and Boundary Conditions

Figures 5.1a and 5.1b illustrate the schematic of the numerical model developed for this study. The
computational domain consists of three main components: a thin solid filter, a ceramic heater, and
the main enclosure. The filter has dimensions of 30.5cm X 61 cm (12 in X 24 in) with a
thickness of 0.5 mm. The ceramic heater measures 24.5 cm X 6 cm with a thickness of 30 mm,
while the main unit has dimensions identical to the filter section (30.5cm X 61 cm) and a

thickness of 12 mm.

The equivalent thickness of the filter in the simulation was calculated based on the actual properties
of the filter used in the experiments. For this, the experimental pleated filter was first weighed
(m=130g), and using its measured mass along with the known surface area (A =
12 X 24 inches) the corresponding volume was estimated. The density of the polyester fibres, as
reported in the literature [94] (p = 1390 kg/m3), was used in this calculation to ensure that the

simulated filter preserved the same material characteristics as the actual one. Therefore, the

. . . m o .
equivalent thickness was calculated using € = <A’ resulting in a value of approximately 0.5mm.

The boundary conditions used for this simulation are as follows:

e Constant temperature (T,) at the ceramic heater surface.

e Zero heat flux on the outer walls, (top, bottom, left, right).
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e Radiative exchange at the front and back walls (unit gates), both covered with aluminum foil.

o All the internal walls covered with aluminum foil, treated as radiative surfaces.

e The filter is a solid conduction domain. At its exposed surface, the normal conductive heat flux
is balanced by the net radiative flux obtained from the S2S radiation model:

oT 4.17
_kf % = qu‘i‘ti,k

Ceramic heater

(a) (b)

Figure 4.6. The schematic of the numerical model: a) Complete domain,

4.3.4 Numerical Grid

The computational domain was discretized using a structured mesh generated in ANSYS Meshing.

To improve the accuracy of the results near the heater surface and the filter face, a finer mesh was
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applied. In addition, the blocking approach was implemented during grid generation to maintain a
structured mesh throughout the domain, and mesh growth ratios were introduced to gradually
increase cell size away from critical regions to reduce the total number of elements. The total
number of elements in the final grid was approximately 7 million cells (Figure 5.2). To better
capture the heat transfer, the mesh was refined near the filter and ceramic heater, while larger
elements were used farther away to save computation time. The element size around the filter was

about 0.16 mm, and for the ceramic heater, it was 0.5 mm.

0,122 D200



(b) (c)

Figure 4.7. Numerical grid: (a) full computational domain, (b) front view of the domain, (c) filter region.

4.3.5 Solver Setup

The Ansys Fluent 2023 R3 solver was used to discretize and solve the governing equations in an
unsteady mode, with a fixed time step of 0.1 s and a maximum of 200 iterations per step. Only the
energy equation was activated, while the momentum equations were omitted since convection was
not considered. Heat transfer was modelled through conduction in the solid domains and radiation
between boundaries. The maximum number of radiation iterations per time step was set to 50, with
a residual convergence criterion of 1 X 107>, The second-order upwind discretization method was
used to increase the stability and accuracy of the solution. The residuals of the simulation were set
to 1 X 107>, and the simulation continued until the residuals became stable and numerical and
physical convergences were achieved. The model was initialized with the hybrid method, setting

the initial temperature uniformly to 296 K across the entire domain.
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4.3.6 Sensitivity Analyses

4.3.6.1 Grid Independence

To ensure that the numerical results are not dependent of the grid size, a grid independence study
was carried out. Four different grids were generated, ranging from approximately 2 to 8 million
elements. The key factor in this process was the filter mesh element size, which directly influenced
the overall grid resolution. The temperature distribution along the symmetry line on the filter
surface was selected as the primary evaluation parameter, since it directly reflects the heat transfer

characteristics between the heater and the filter.

According to Figure 5.3, refining the mesh from Case 1 to Case 3 progressively improved the
accuracy of the predicted temperatures. However, the difference between Case 4 and Case 3 was
negligible (less than 1%). Accordingly, Case 3 was selected as the optimal grid. The results thus
confirm that the adopted mesh is adequate for ensuring grid-independent solutions. It provides
sufficient resolution to capture heat transfer characteristics with confidence, while maintaining a

reasonable computational cost.
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Figure 4.8. Grid independence study: comparison of the predicted temperature distribution along the symmetry
line of the filter surface for four mesh densities @ = 0°, &€ = 0.8 and T,zpoin: = 200 °C.

4.3.7 Numerical modeling matrix

The main simulations can be categorized into two groups. The first group focused on evaluating
the influence of effective parameters such as thermal conductivity and different boundary
conditions, through comparison of numerical predictions with experimental measurements. After
identifying the parameter set that yielded the closest agreement with experiments, a second group
of simulations was performed to model with three tilt angles of the ceramic heater, and the results
were again compared with the experimental measurements. Table 4.1 presents the numerical

simulation cases categorized by parameter variation and heater orientation.

The results of these simulations and their effects on the filter temperature will be plotted and

discussed in Chapter 5.
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Table 4.1. Summary of numerical simulation cases

Groups Heater-Filter Distances Tilt angle Ceramic heater setpoint temperature
(cm) ) O

Group 1 10 0 200

Group 2 10 0, 10, 20 200

4.4 Chapter Summary

This chapter analyzed radiative heat transfer between the infrared ceramic heater and the filter
surface through both theoretical and numerical approaches. The fundamental principles of
radiation exchange and the calculation of view factors were presented to describe the geometric
dependence of radiative energy transfer. Building on this foundation, a three-dimensional
numerical simulation was conducted using the S28S radiation model to replicate the experimental
configuration and evaluate the resulting temperature distribution. The assumptions, boundary
conditions, and solver settings were selected to ensure consistency with the experimental setup.
Together, these analyses provide a comprehensive understanding of the radiative interactions

governing heat transfer within the heater—filter system.
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Chapter S. Results and Discussion

5.1 Preface

In this chapter, the results obtained from the experimental, analytical, and numerical investigations
are presented and analyzed. The primary purpose of this chapter is to evaluate the thermal
performance of the developed radiant heating system and its ability to achieve uniform temperature
distribution over pleated HVAC filters. The findings are discussed in relation to the effects of key
parameters, such as the heater—filter distance, heater tilt angle, heater setpoint temperature, filter

type, and system configuration on temperature uniformity and potential disinfection efficiency.

The experimental results form the basis of this thesis and provide the direct evidence of the
system’s thermal behaviour under controlled conditions. View factor calculations and numerical
results are then compared with the experimental findings in order to provide deeper insight into
the dominant heat transfer mechanisms, particularly radiation and natural convection and their
influence on surface temperature distribution. Together, these analyses provide a comprehensive
understanding of the thermal interactions within the system and confirm the validity of the

proposed infrared heating approach.

5.2 Effect of Heater—Filter Distance on Filter Temperature Distribution

In this section, tests are conducted at a setpoint temperature of 250 °C and different heater to filter
distances. The tested distances include 100 cm, 75 cm, 50 cm, 25 cm, 15 cm, and 10 cm. These
experiments aim to assess the impact of heater placement on temperature distribution across the
filter. The results indicated that changing the distance between ceramic heater and filter at a
constant setpoint temperature has significant effect on the temperature distribution over the filter.

For example, at a distance of 100 cm, only the upper region of the filter’s front surface reached the
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target temperature of 65 °C. When the distance was reduced to 75 cm, both the upper and middle
regions of the front surface, as well as the upper region of the back surface, achieved 65 °C. At
D=50 cm, nearly the entire filter reached the target temperature within 25 minutes, except for the
lower section of the back surface, which remained below 65 °C, as shown in Figures 5.1, 5.2 and

5.3 respectively.

The rise in filter temperature is attributed to the combined influence of radiative and natural
convective heat transfer. As the air near the lower region of the filter’s front surface absorbs
incident radiation, its temperature and buoyancy increase, and warmer air transports heat toward
the upper section of the filter. As a result, the lower section receives comparatively less convective
heating and lead to the development of a vertical temperature gradient across the surface. This
behaviour indicates that at larger heater—filter distances, natural convection becomes the dominant
heat transfer mechanism. In contrast, the effect of radiative exchange between the heater and filter

reduces with increasing distance.
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Distance=100 cm - Temperature= 250°C, Tilt Angle=0 degree
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Figure 5.1. Temperature distribution over the filter over time at a ceramic heater temperature of 250°C and a
distance of 100 cm.
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Figure 5.2. Temperature distribution over the filter over time at a ceramic heater temperature of 250°C and a
distance of 75 cm.
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Distance=50 ¢m - Temperature= 250°C, Tilt angle=0 degree
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Figure 5.3. Temperature distribution over the filter over time at a ceramic heater temperature of 250°C and a
distance of 50 cm.

According to the Figures 5.4 and 5.5 at heater—filter distances of 25 cm and 15 cm, the minimum
temperature on the filter surface reached 65 °C after 14 minutes and 8 minutes, respectively.
Additionally, the results showed that reducing the distance to 10 cm resulted in a large surface
temperature gradient on the filter, ranging from 40 °C to 90 °C, which can compromise disinfection
uniformity. As can be seen from Figure 5.6, after approximately 5 minutes, the maximum
temperature over the filter exceeded 90 °C, while the minimum temperature was around 40 °C. As
a result, reducing the gap between the heater and the filter consistently raises the temperature
measured on the filter. This occurs because, as the heater moves closer to the filter, the view factor
between the two surfaces increases. Therefore, a greater portion of the emitted radiant energy can

be absorbed by the filter. Also, the heat loss decreases at shorter distances.
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Distance=25 cm - Temperature= 250°C, Tilt angle=0 degree
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Figure 5.4. Temperature distribution over the filter over time at a setpoint temperature of 250°C and a distance of
25 cm.
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Figure 5.5. Temperature distribution over the filter over time at Tseppoine = 250 °C°C, and a distance of 15 cm.
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Distance=10 ¢m - Temperature= 250°C, Tilt Angle=0 degree
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Figure 5.5. Temperature distribution over the filter over time at aTger_ppine = 250 °C, and a distance of 10 cm.

Furthermore, the maximum temperature location over the filter depends on the distance between
the heater and the filter. At distances of 100 cm and 75 cm, the maximum temperature happens in
the top section of the filter front. However, at a distance of 50 cm, the maximum temperature is in
the middle part of the filter. At shorter distances (i.e., 25, 15 and 10 cm), the bottom part of the
filter face reaches the highest temperature. These findings highlight the interaction of different heat
transfer modes. For example, natural convection becomes more influential heat transfer at higher
distances, while at closer distances, the dominant heat transfer is radiation. In addition, the back
side of the filter is warmed based on the conduction. Figures 5.7 to 5.10 showed the temperature
distribution across different sections of the filter over time at heater-to-filter distances of 75 cm,
50 cm, 25 cm, and 15 cm, respectively. As shown, when D = 75 cm, the highest temperature

appears at the upper region of the filter front. At D = 50 cm, both the middle and upper regions
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show higher temperature levels, while at D = 25 cm and D = 15 cm, the maximum temperature
shifts toward the lower portion of the filter front. In all cases, the minimum temperature occurs at
the bottom region on the rear side of the filter. This is attributed to the influence of natural
convection. Initially, the back side of the filter is heated by conduction through the filter media.
Once the rear surface temperature increases, natural convection in the adjacent air layer becomes
the dominant mode of heat transfer; therefore, the heat moves upward and the temperature on the

back side of the filter increases more slowly but continuously over time.
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Figure 5.7. Temperature distribution of different points of the filter over time at D=75 cm and Tespoine = 250 °C
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Distance=50 cm, Temperature=250 °C, Tilt Angle=0 degree
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Figure 5.8. Temperature distribution of different points of the filter over time at D=50 cm and Tg,¢poin: = 250 °C
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Figure 5.9. Temperature distribution of different points of the filter over time at D=25 cm and T,¢poin: = 250 °C
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Figure 5.10. Temperature distribution of different points of the filter over time at D=15 cm and Tseppine =
250°C

5.3 Effect of Heat Source Temperature on The Filter Temperature Distribution
In this section, the influence of the ceramic heater’s setpoint temperature on the temperature
distribution over the filter surface is evaluated. As discussed in Section 5.1, at distances of 50 cm
and greater, the minimum temperature over the filter did not reach the required disinfection
threshold of 65 °C. These findings indicated that increasing the setpoint temperature is necessary
at larger distances. Figure 5.11 illustrate the temperature variations over the filter at a setpoint
temperature of 300 °C for D = 50 cm. A comparison between Figure 5.3 and Figure 5.11 shows
that when the setpoint temperature was raised from 250 °C to 300 °C at D = 50 cm, the minimum
temperature across the filter reached 65 °C within 22 minutes. In contrast, at 250 °C, the minimum

temperature did not reach 65 °C even after 25 minutes.
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Figure 5.11. Temperature distribution over the filter over time at D=50 cm and Tse¢ppine = 300 °C

Conversely, at shorter distances such as D = 10 cm, the maximum temperature exceeded 90 °C
while the minimum remained around 40 °C. For safety reasons, the system was stopped once this
condition was reached, therefore, at smaller distances, a reduction in setpoint temperature is
required to prevent overheating. In Figures 5.12a and 5.12b the temperature variations over the
filter at a setpoint temperature of 220 °C and 180 °C for D = 10 cm, are represented. As shown in
Figure 5.12a, at 220 °C the maximum temperature again rose above 90 °C within a few minutes,

confirming that this condition still leads to local overheating.

The comparison between Figures 5.6 and 5.12b demonstrates that lowering the setpoint
temperature from 250 °C to 180 °C at D = 10 cm significantly changes the thermal behavior across

the filter. At a heater setpoint of 180 °C, the maximum surface temperature reached slightly above
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70 °C after 25 minutes, while at 250 °C it exceeded 90 °C in less than five minutes, posing a
potential risk of filter damage. However, the minimum temperature at 180 °C remained around 50
°C, suggesting that although this lower setpoint improved temperature uniformity, it was

insufficient to achieve the required disinfection temperature across the entire filter surface.

These observations confirm that appropriate adjustment of the heater setpoint temperature is
essential to maintain safe and uniform heating conditions across the filter surface at different

distances.
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Distance=10cm - Temperature= 180°C, Tilt Angle=0 degree
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Figure 5.12. Temperature distribution over the filter over time at D=10 ¢cm and (a) setpoint temperature of 220 °C
and (b) 180 °C

5.4 The Impact of Increasing Tilt Angle of the Ceramic Heater

As discussed, at closer distances, the maximum temperature was located on the bottom side of the
filter. Therefore, if the tilt angle of the ceramic heater increased, the temperature distribution would
become more uniform. Figure 5.13 represent temperature variation of the front surface of the filter
at different tilt angles during 25 minutes at a heater—filter distance of 25 cm and a setpoint
temperature of 250 °C. As can be seen from the Figure 5.13, the temperature at the bottom section
of the filter decreased with increasing tilt angle, whereas the temperatures at the middle and top
sections increased. For example, the temperature at the bottom when a = 0° decreased from

approximately 84.1 °C to about 78.3 °C at « = 20° during 25 minutes.
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These behaviors can be attributed to the change in the radiative view factor between the heater and
the filter as the tilt angle increases. A detailed explanation of this phenomenon is provided in
Section 5.8. To better compare the temperature behavior across different regions of the filter,

Figure 5.14 presents the temperature variation at tilt angles of 0° and 20°.
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Figure 5.13. Temperature variation over the top (a), middle (b), and bottom (c) sections of the filter front surface at tilt angles of
a=0°a=10°and a = 20°, at D=25 cm and Tse;_poine = 250 °C
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Distance =25 cm, Temperature=250 °C
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Figure 5.14. Temperature variation over the top, middle, and bottom regions of the filter front surface at tilt
angles @ = 0°, and a = 20°, at D=25 cm and Tset—poine = 250 °C

Moreover, the results demonstrated that at a distance of 10 cm and a setpoint temperature of 250
°C, when the heater was positioned horizontally (tilt angle=0 °), the maximum temperature
difference between the top and bottom sides of the filter was approximately 40 °C after 5 minutes
of heating (Figure 5.5). In contrast, when the tilt angle was increased to 10° and 20°, the
temperature difference across the front surface of the filter decreased to about 36.2 °C and 23.3 °C
after the same duration, respectively (Figure 5.15a and 5.15b). This finding indicates the positive
influence of increasing the tilt angle, which enhances the temperature uniformity over the filter
surface. Regarding figure 5.15b. at a setpoint temperature of 250 °C and a tilt angle of 20 °,
although the minimum temperature over the filter reached 65 °C after 8 minutes, the maximum

temperature exceeded 90 °C after 12 minutes.
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Therefore, lower setpoint temperature was selected for this configuration. Figure 5.16, show the
temperature distribution at D= 10 cm, and setpoint temperature of 220 °C. It can be observed that
adjusting the tilt angle and setpoint temperature allows the filter to be effectively disinfected even
at a shorter distance. At D = 10 cm, @ = 20 ° and a setpoint temperature of 220 °C, the filter can
be disinfected after 25 minutes, with a maximum temperature difference of about 15.1 °C across

the entire filter and approximately 10 °C on the front surface.
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Figure 5.15 a. Temperature distribution on the filter Figure 5.15 b. Temperature distribution on the filter front at D=10
front at D=10 cm, Tsepoine = 250 °C,and a = 10 °. cm, Tserpoint = 250 °C,and a = 20 °.
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Figure 5.16. Temperature distribution on the filter front at Tgerpoin: = 220 °C, D=10 cm, and at @ = 20 °.

In the following, temperature distribution over the filter for tilt angles of « = 10° and ¢ = 20°
at distances of 15 cm and 25 cm, are presented in Figures 5.17 and 5.18, respectively. Regarding
Figures 5.17(a) and 5.17(b), at &« = 10 °, the filter reached the target temperature of 65 °C faster
than at @ = 20 °, requiring 17 minutes and 22 minutes, respectively. However, the maximum
temperature difference over the filter at « = 20 ° was smaller than that at « = 10 °, indicating
improved temperature uniformity at the higher tilt angle. However, at D = 25 cm, there is no
significant difference in the temperature distribution over the filter when changing the tilt angle.
This indicates that at larger distances, the variations in the geometric orientation between the heater
and the filter have only a minor influence on the portion of radiative energy received by the filter

surface.
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For a better comparison, the results for three tilt angles, along with the corresponding energy

consumption of the cases in which the filter achieved complete disinfection, are summarized in

Table 5.1.
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Figure 5.17 a. Temperature distribution on the filter
front at D=15 cm, Tsepoine = 250 °C,and @ = 10 °
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Figure 5.18 a. Temperature distribution on the filter front
D=20 cm, Tsetpoine = 250 °C,and @ = 10 °.

. Distance=15c¢m - Temperature= 250°C - Tilt Angle=20 degrees

80

Filter Temperature (°C)
2

T T T T T T

0 5 10 15 20 25
Time (min)

Figure 5.17 b. Temperature distribution on the filter front at D=15 cm,
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Figure 5.18 b. Temperature distribution on the filter front at D=25 cm,
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Table 5.1. the effect of changing the tilt angle on temperature distribution over the filter

Tilt Distance Setpoint Duration Electrical Total Temperature
Angle (D) Temperature  (min) Energy Temperature  Difference
(a) (cm) °C Consumption  Difference (filter front)
(kWh) °C °C
0 15 250 18 0.04 16.2 12.1
25 250 24 0.05 18.1 7.0
50 300 21 0.06 21.5 15
10 15 250 17 0.04 15.5 10.5
25 250 26 0.05 13.0 7.5
20 10 220 25 0.05 16.5 11.1
15 250 22 0.05 11.3 8.2
25 250 25 0.05 16.2 5.6

In summary, a comprehensive analysis of how variations in heater-to-filter distance and tilt angle
affect the temperature distribution across the filter surface was provided. Consequently, the most
suitable configuration depending on the specific application requirements can be selected based

on prioritized criteria, such as energy efficiency, processing time, or thermal uniformity.

5.4.1 Measurement Uncertainty and Data Representation

The methodology used for evaluating measurement uncertainty is described in detail in chapter 3,
section 3.4. The Figure 5.19 is presented here to illustrate how the uncertainty range compares
with the measured temperature variations. Because the magnitude of the uncertainty was found to
be minor, the detailed uncertainty analysis was performed only for the temperature distribution
data corresponding to a single representative condition (D = 25 cm,a = 20 °, and Tserpoine =
250 °C). Since the overall uncertainty was relatively small compared with the recorded
temperature differences, it had a negligible effect on the measured temperature distribution and

temporal evolution, confirming the reliability and repeatability of the experimental data.
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Figure 5.19. Average filter temperature during 25 minutes at D = 25 cm, @ = 20 °, and Tsepoime = 250 °C.
Error bars represent the 99% confidence interval of five repeated measurements (n = 5).

5.5 The Impact of the Reflector Behind the Ceramic Heater

In this section, the effect of placing aluminum foil as a reflector directly behind the ceramic heater
is investigated. The results demonstrate the positive impact of using a reflector. For instance, as
previously shown in Figure 5.20, at D=25 cm, a = 20 ° and setpoint temperature of 250 °C, the
minimum temperature over the filter reaches 65 °C in 15 minutes when the ceramic heater is
mounted with a reflector. In contrast, when the reflector is removed, this time increases to 20
minutes (Figure 5.21). This reduction in the time required to reach the target temperature decreases
the overall disinfection duration and contributes to improved energy efficiency. Furthermore, after
25 minutes, thermal uniformity across the filter surface increases, and the temperature difference
between the bottom and top sections decreases from approximately 9.2 °C (without reflector) to

about 7.5 °C (with reflector), indicating a more even heat distribution.
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Figure 5.20. Temperature distribution on the filter front at D=25 cm, & = 20 °, and Tsetpoine = 250 °C, when the
aluminum reflector is removed

Figure 5.21 shows temperature variation at different sections (bottom, middle, and top) of the filter
front with and without the aluminum reflector at D=25 cm, @ = 20 ° and setpoint temperature of
250 °C. As it is evident from Figures 5.21 a, 5.21 b and 5.21 ¢, the impact of the aluminum reflector
1s most noticeable at the bottom section of the filter front. However, the middle and top sections
show negligible change. In other words, due to natural convection, heat tends to rise, which causes
the temperature at the top of the filter to be higher than at the bottom, leading to uneven heating
along the vertical direction. Consequently, the reflector, by increasing the amount of radiative heat

directed toward the lower part of the filter, helps balance this uneven distribution. It ensures that
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the bottom section, which generally stays cooler, receives more heat, resulting in a more uniform

temperature across the filter surface.
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Figure 5.21. Temperature distribution at the (a) Bottom, (b) Middle and (c) Top side of the filter front over a 25-
minute heating period, with and without the aluminum reflector at D= 25 cm, @ = 20 © and Tset—poine = 250 °C.

5.6 System Performance in the Duct without Aluminum-Foil-Covered Gates

In this section, the performance of ceramic heaters is evaluated in a duct setup that represents a
realistic configuration of an HVAC system operating without active airflow. The main reason is to
assess the heater’s direct influence on temperature distribution and disinfection efficiency without
external modifications. To remove auxiliary influences, the aluminum foil covering the unit’s gates

and the reflector mounted behind the ceramic heater were removed.

Initially, a single ceramic heater is used without a reflector or a mounted gate. The aluminum foils
are removed from both sides of the unit. Experiments are conducted at distances of 10 cm, 15 cm,
and 25 cm, and tilt angle of 0 ° and 20 °, using ceramic heater setpoint temperatures of 250 °C,

300 °C, and 350 °C. Figures 5.22 and 5.23 illustrate the schematic and actual setup of the test unit,
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respectively. In Figure 5.23, the configuration includes the removal of aluminum foil from the side

gates to reflect a simplified HVAC duct layout.

Figure 5.22. Schematic representation of the test duct setup used for evaluating a ceramic heater performance in a
duct without aluminum foil-covered gates.
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Figure 5.23. Experimental setup used to evaluate the ceramic heater performance in a duct without aluminum
foil-covered gates. (a) Front view of the duct showing the transparent polycarbonate wall after removing the
aluminum. (b) Internal view of the duct showing the ceramic heater placed in front of the pleated filter,

Figures 5.24 and 5.25 show the temperature distribution over the filter at D=10 cm and D=15 cm,
with tilt angles of @ = 0° and @ = 20 °, respectively. In these tests, one ceramic heater is used
in front of the filter without using any aluminum foil covered for the unit’s gates. The results
showed that at a distance of D=10cm and a setpoint temperature of 250 °C, the maximum
temperature on the filter surface exceeded 95 °C after 5 minutes when the tilt angle was a = 0 °.
However, when the tilt angle was increased to 20 °, the temperature over the filter surface was
significantly reduced and remained under 65 °C. Similarly, as shown in Figure 5.25, when the
distance was increased to 15 cm, the filter temperature remained below 65 °C at the back side of
the filter for « = 0 ° and over the entire filter surface for @ = 20 °. Therefore, higher setpoint

temperature to achieved effective disinfection at larger heater-to-filter distances is recommended.
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Figure 5.24a. Temperature distribution across the filter using one
ceramic heater set to 250 °C, at D= 10 cm and a = 0 ° with
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Figure 5.25a. Temperature distribution across the filter using one
ceramic heater set to 250 °C, at D=15cmand a = 0° with
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Figure 5.24b. Temperature distribution across the filter using one
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Figure 5.25a. Temperature distribution across the filter using one

ceramic heater set to 250 °C, at D= 15 cm and a = 20 ° with
transparent gates



Figures 5.26a and 5.26b illustrate the temperature variation across the filter at a distance of 10 cm

and a tilt angle of 20 °, with setpoint temperatures of 300 °C and 350 °C, respectively. At a setpoint

temperature of 300 °C, the filter temperature remained nearly constant after 10 minutes and did not

reach the target disinfection threshold of 65 °C. In contrast, increasing the setpoint temperature to

350 °C led to a maximum filter temperature of 90 °C, while the minimum remained below 65 °C

over the 17-minute test duration. Similar temperature behavior was observed in other different

configurations, which are presented in Figures 5.27- 5.29.
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Figure 5.26a. Temperature distribution across the filter using one
ceramic heater set to 300 °C, at D= 10 cm and @ = 20 ° with
transparent gates
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Figure 5.26b. Temperature distribution across the filter using one
ceramic heater set to 350 °C, at D= 10 cm and a = 20 ° with
transparent gates
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Figure 5.27a. Temperature distribution across the filter using one
ceramic heater set to 300 °C, at D= 15 cm and @ = 20 ° with
transparent gates
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Figure 5.27b. Temperature distribution across the filter using one
ceramic heater set to 350 °C, at D= 15 cm and @ = 20 ° with
transparent gates
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Figure 5.28. Temperature distribution across the filter using one ceramic heater set to 300 °C, at D= 25cm and
a = 0 ° with transparent gates
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Figure 5.29a. Temperature distribution across the filter using one Figure 5.29b. Temperature distribution across the filter using one
ceramic heater set to 300 °C, at D=25 cm and @ = 20 ° with ceramic heater set to 350 °C, at D=25 cm and @ = 20 ° with
transparent gates transparent gates

At the end, the results indicate that when a single ceramic heater is positioned in front of the filter
without any auxiliary reflector to enhance radiation, the filter surface fails to reach the target

disinfection temperature of 65 °C.

Therefore, to achieve more uniform heating and ensure disinfection, an additional ceramic heater

1s recommended on the backside of the filter.

5.6.1 Impact of Dual Ceramic Heaters in a Transparent-Gates Duct

Configuration on the System Performance
In this section, the effect of using two ceramic heaters at both side of the filter, is evaluated under

identical conditions, including setpoint temperature, tilt angle, and heater-filter distance. In Figure
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5.30 the schematic layout of the unit with two ceramic heaters positioned in front of the filter is

presented.

In these tests, the selected setpoint temperatures for the heaters were 180 °C, 200 °C, 220 °C. Due
to energy dissipation to the surrounding environment, the maximum temperature of the ceramic
heaters did not exceed 230°C during the tests, indicating that the system reached a thermal
equilibrium with its surroundings. Consequently, the maximum setpoint temperature for these tests

was limited to 220 °C. Different configurations are listed in Table 5.2.

Table 5.2. Test Parameters for Dual Ceramic Heater Configuration

Distance (cm) Tilt Angle (degree) Ceramic heaters’ temperature
10 0 180

15 10 200

25 20 220

35
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Figure 5.30. Schematic representation of the test duct setup used for evaluating two ceramic heaters performance
in a duct without aluminum foil-covered gates.

5.6.1.1 Evaluation of Temperature Distribution and System Performance ata = 0°

Figure 5.31 illustrates box plot of the temperature distribution across the filter at D=10 cm, o =
0 ° and setpoint temperature of 180 °C for both ceramic heaters. It was seen that the maximum
temperature over the filter exceeded 93.0 °C after 3 minutes, while the minimum temperature was
34 °C. When the distance was increased to 15 cm (Figure 5.32), even after 25 minutes of operation,

the minimum filter temperature failed to reach the target disinfection threshold of 65 °C.

However, regarding Figure 5.33, when the setpoint temperature was increased to 200 °C at D=15
cmand a@ = 0 °, the maximum temperature reached 96 °C, but the minimum temperature remained

at only 43.0 °C.
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Figure 5.31. Temperature distribution across the filter using two ceramic heaters set to 180 °C, at D= 10 cm and
a = 0° with transparent gates
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Figure 5.32. Temperature distribution across the filter using two ceramic heaters set to 180 °C, at D= 15 cm and
a = 0 ° with transparent gates
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Figure 5.33. Temperature distribution across the filter using two ceramic heaters set to 200 °C, at D= 15 cm and
a = 0° with transparent gates

Temperature variation over the filter at D=25 cm, a = 0 ° and setpoint temperature of 200 °C and
220 °C are provided in Figures 5.34a and 5.34b, respectively. The results indicate that a setpoint
temperature of 200 °C is insufficient for effective disinfection, as the minimum filter surface
temperature remained below 65 °C even after 25 minutes of heating. However, by increasing the
setpoint temperature to 220 °C, the filter's minimum surface temperature reached 65 °C after 15
minutes. Considering the required disinfection exposure time of 10 minutes and with a maximum

surface temperature of 95 °C, the filter was successfully disinfected after 25 minutes.

The total electrical energy consumption measured during this period was 0.10 kWh, and the

maximum temperature difference across the filter surface was approximately 24 °C.
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Although disinfection was achieved under this configuration, the distance between the filter and

ceramic heaters, as well as the tilt angle, were increased to reduce the temperature difference across

the filter surface.
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Figure 5.34a. Temperature distribution across the filter using two
ceramic heaters set to 200 °C, at D=25 cm and a = 0 ° with
transparent gates
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Figure 5.34b. Temperature distribution across the filter using two
ceramic heaters set to 220 °C, at D=25 cm and a = 0 ° with

transparent gates.

Figure 5.35 illustrates the temperature variation at D= 35 cm and a setpoint temperature of 220 °C

at a = 0 °. As shown in Figure 5.36, the filter reached the disinfection threshold during 7 minutes.

Despite the greater distance, the minimum temperature rose to 65 °C more quickly than at D=25

cm. Disinfection was therefore achieved after 17 minutes of operation, with a total electrical energy

consumption of 0.09 kWh and a maximum temperature difference of approximately 8 °C.



At D = 25 cm, the top region of the filter exhibited the lowest temperature. By increasing the
distance to 35 cm, a larger portion of the filter surface, particularly the upper area, became exposed
to the emitted radiation. As a result, temperature uniformity improved, and the heating of the filter

to the target disinfection temperature was facilitated.

This suggests that even at these relatively larger distances, the ceramic heater is capable of
transferring sufficient heat to the filter surface to maintain the required temperature for

disinfection.
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Figure 5.35. Temperature distribution over the filter over time using two ceramic heaters with temperature of
220°C a distance of 35 cm with 0 ° tilt angle in a duct with transparent gates.
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5.6.1.2 Evaluation of Temperature Distribution and System Performance at & = 10 ° and
a=20°

Regarding the effect of tilt angle, figure 5.36a and 5.36b demonstrates the temperature distribution

over the filter at D=25 cm, setpoint temperature of 220 °C , and ¢ = 10° and a = 20 °,

respectively. Furthermore, the temperature distributions at a distance of 35 cm, with the same

setpoint temperature (220 °C) and tilt angles of @ = 10 ° and a = 20 °, are presented in Figures

5.37a and 5.37b, in turn.

As can be seen from the given figures, at a distance of 25 cm, increasing the tilt angle from a =
10 ° to @ = 20 ° reduced the temperature difference across the filter. At 35 cm, the distributions
became even more compact, with both tilt angles showing improved uniformity compared to 25
cm. However, the difference between ¢ = 10 ° and a = 20 ° was not significant at this larger

distance.

Overall, while disinfection was achieved at both D=25 c¢cm and D=35 cm, the maximum filter
temperatures were lower and more stable at 35 cm, which indicates improved thermal stability and
a lower risk of overheating. In contrast, configurations at smaller distances (10—15 cm) or with
lower heater power resulted in strong local overheating or incomplete heating, preventing safe

disinfection.

Figure 5.38 illustrates the temperature distribution over time across different sections of the filter
at a distance of 35 cm, tilt angle of @ = 0 °, and a setpoint temperature of 220 °C. As observed, the
temperatures at the front and back surfaces of the filter are nearly identical. The middle and bottom
regions exhibit the highest temperature values, whereas the top section shows the lowest

temperature, with a temperature difference of approximately 8 °C.
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Figure 5.36a. Temperature distribution across the filter using two
ceramic heaters set to 220 °C, at D=25 cm and a = 10 ° with
transparent gates.
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Figure 5.37a. Temperature distribution across the filter using two
ceramic heaters set to 220 °C, at D=35 cm and ¢ = 10 ° with
transparent gates.
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Figure 5.36b. T Temperature distribution across the filter using two
ceramic heaters set to 220 °C, at D= 25 cm and a = 20 ° with
transparent gates.
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Figure 5.37b. Temperature distribution across the filter using two
ceramic heaters set to 220 °C, at D= 35 cm and a = 20 ° with
transparent gates.



Distance= 35 cm, Tilt angle =0 degree, Temperature= 220°C
90

80

~J
=
1

60

Temperature (°C)
o
n

&
1

== Top-Front
= Middle-Front| 1
= Bottom-Front
Top-Back
Middle-Back = A
20 Bottom-Back | _|

0 5 10 15 20

Time (min)

Figure 5.38. Temperature distribution over time across different sections of the filter using two ceramic heaters at
Tsetpoint = 220 °C, D=35 cmand a = 0 ° with transparent gates.

Table 5.3 summarizes the cases in which the filter was successfully disinfected using two ceramic

heaters with transparent gates.

Table 5.3. Summary of test configurations that achieved successful filter disinfection using two ceramic heaters
when the gates are transparent.

Tilt Distance Setpoint Minimum Maximum Duration Electrical
angle (D) temperatures temperature temperature (minutes) Energy
() (cm) (°C) (°0) (°C) Consumption
) (kWh)
0 25 220 70.2 95.1 25 0.10
35 220 72.1 80.1 17 0.09
10 25 220 68.3 90.3 20 0.12
35 220 68.6 77.6 16 0.10
20 25 220 68.4 88.2 22 0.12
35 220 69.2 80.0 21 0.10
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These experiments demonstrate that both the distance between the heaters and the filter, as well as
the tilt angle of the heaters, significantly impact the efficiency and temperature uniformity of the
filter during disinfection. When the heaters were placed too close (10—15 cm), the filter surface
became very hot in some spots while other areas stayed too cool, meaning disinfection could not

be achieved safely.

Increasing the distance to 25-35 cm allows the outcome, to reach more uniform temperature
distribution without overheating. Adjusting the tilt angle to &« = 10 ° or @ = 20 ° helped reduce
temperature differences at shorter distances, but at larger distances the effect was less noticeable

because the filter was already receiving more uniform radiation.

The total energy consumption and heating duration was also reasonable in the D=25 cm to D=35
cm range, with energy usage between 0.09 kWh and 0.12 kWh and complete disinfection achieved

in about 16—22 minutes at 220 °C.

5.7 Effect of Carbon Coating on the Thermal Performance of the System

To evaluate the effect of filter material on disinfection performance under infrared heating, a
carbon-coated filter was employed to examine its impact on the temperature distribution. Figure
5.39 illustrates the two sides of the filter, where one side is coated with carbon while the opposite

side consists of polyester fibers.
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(b)

Figure 5.39. Front and back sides of the pleated filter showing the (a) carbon-coated surface and (b) the polyester
fiber surface.

In this experiment, the ceramic heater was used with both aluminum foil -covered gates (one
ceramic heater) and transparent gates (two ceramic heaters) to evaluate the effect of carbon
coating. The distance between the heater and the filter was set to D = 15 cm for the aluminum-foil-

covered gates configuration and D=35 cm for the transparent configuration.

The surface temperatures were measured over time and mapped across the entire filter area to
evaluate the influence of the carbon coating on temperature distribution. The results were then

analyzed to determine the potential applicability of carbon-coated filters for thermal disinfection

purpose.
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Figure 5.40a and 5.40b present the temperature distribution over the filter at D=15 cm, a = 0 °,
and a setpoint temperature of 220 °C, when the heater was placed facing the carbon-coated and
non-carbon coated sides of the filter, respectively. The results showed that when the ceramic heater
was positioned in front of the carbon-coated side of the filter, the filter reached to the target
temperature of 65 °C after 12 minutes, and complete disinfection was achieved within 22 minutes,
with a total energy consumption of 0.05 kWh. In contrast, when the uncoated (white) side of the
filter was exposed to the heater, the same temperature was achieved after 16 minutes, with full

disinfection in 26 minutes and an energy consumption of 0.07 kWh.

Moreover, as illustrated in Figure 5.40, the temperature distribution was noticeably more uniform

when the heater faced the carbon-coated surface.
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Figure 5.40. Temperature distribution over the filter at D=15 cm, @ = 0 °, and Tsepoine = 220 °C, with the gates covered by aluminum foil.
(a) heater facing the carbon-coated side of the filter, and (b) heater facing the uncoated side.
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Figure 5.41a and 5.41b illustrate the temperature distribution over the carbon-coated and uncoated
sides of the filter at D = 35 cm, @ = 0 °, and a heater setpoint temperature of 220 °C for both
ceramic heaters. As observed, the carbon-coated side reached the target temperature of 65 °C within
8 minutes, whereas the uncoated side required approximately 15 minutes to achieve the same
temperature. After 25 minutes, the carbon-coated surface maintained a more uniform and higher
overall temperature compared to the uncoated side. This faster heating of the coated surface
suggests that coating both sides of the filter with carbon could further reduce the overall energy

consumption of the system.
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Figure 5.41. Temperature distribution over (a) carbon-coated side of the filter and (b) uncoated side of the filter, at D=35 cm, @ = 0 °, and
Tsetpoine = 220 °C, with the transparent gates.

In general, the results demonstrated the positive influence of the carbon-coated filter in two key
aspects: lower energy consumption and a more uniform temperature distribution across the filter

surface compared to the regular polyester filter. This improvement can be attributed to the strong
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infrared absorptivity of the carbon coating [83]. To better illustrate this, Figure 5.42 presents a
comparison of the temperature distribution across three sections of the filter for both the carbon-

coated and regular polyester cases.
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Figure 5.42. Temperature distribution across three sections of the filter for both the carbon-coated and regular
polyester cases at D = 35 cm, Tgoppine = 300 °C, and @ = 0 °: (a) top section, (b) middle section, and (c)
bottom section.

Although the carbon-coated surface also has a relatively high emissivity [95], the net radiative heat
transfer remains directed toward the filter. According to the Stefan—Boltzmann law, radiative
emission increases with the fourth power of the absolute temperature (q « T*). Therefore, the
radiation emitted by the ceramic heater is several times greater than the energy re-emitted by the
filter, as the heater operates at a much higher temperature than the filter surface. This leads to a net

energy gain, faster surface heating, and a more uniform temperature field across the filter.

5.8 Comparison between the Experimental Data and the Calculated View

Factor
A series of tests was conducted to compare the experimentally measured temperature distribution
on pleated HVAC filters with the calculated view factors between the ceramic heater and the filter

surface based on theoretical radiative principles. The objective was to assess whether the spatial
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temperature variations observed experimentally align with the non-uniform radiative exposure

predicted by view factor analysis.

In these experiments, the distance between the ceramic heater and the filter, the tilt angle of the
heater, and the heater’s setpoint temperature are the variable parameters. In each test, the ceramic
heater was first induced to the desired setpoint temperature and then positioned in front of the
filter. This approach ensured that the temperature rise on the filter surface was evaluated precisely

at the target heater temperature.

To ensure that the ceramic heater reached a stable temperature before being exposed to the filter,
an aluminum frame cover was constructed (as shown in Figure 5.43). In this setup, the filter and
heater were first positioned in the desired configuration. After that, the cover was placed over the
ceramic heater, and the heating controller was activated to heat the unit to the desired setpoint
temperature. Once the ceramic heater reached the target setpoint temperature, the cover was
removed and the transparent gates were immediately closed. At that point, the surface temperature

of the filter was measured.

Since the view factor calculations considered only the direct view factor between the ceramic
heater and the filter, the aluminum foil covering the gates was removed. Additional reflections
from the foil surfaces would have caused discrepancies between the measured temperature

distribution and the radiative behavior predicted by the view factor model.
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Figure 5.43. Aluminum frame cover used to stabilize the ceramic heater temperature before exposing the filter.

5.8.1 Dominant Mode of Heat Transfer: Identification the Radiation-Dominant

Period
To analyze the experimental measurements with the calculated view factors, it is first necessary to
determine the period when radiation was the dominant mode of heat transfer and the influence of

natural convection was minimal.

Figure 5.44 shows the temperature variation at the top, middle, and bottom sections of the filter
when the ceramic heater was operated at a setpoint temperature of 200 °C, with a tilt angle of @ =
20 ° and a distance of 10 cm. At the very early stage (0 — 1 minute), the temperature over the filter
increases sharply, especially at the bottom section of the filter. This sharp rise shows that radiation

is the dominant mode of heat transfer during the first minute. After about a minute, the temperature
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growth slows down. This demonstrates that although radiation continues to contribute to heating

the filter, the influence of natural convection gradually becomes more dominant.

After around five minutes, buoyancy-driven flow plays a more significant role, and the temperature
increase becomes gradual and approaches a steady trend. Therefore, the first minute clearly
represents a radiation-dominant regime, and it is the most reliable period to evaluate the measured

temperature against the view factor calculations.
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Figure 5.44. Temperature variation at the top, middle, and bottom sections of the filter with transparent gates and the ceramic heater
stabilized at the setpoint temperature before exposure (D = 10 cm, Tser_poine = 200 °C, a = 20°): (a) full heating period; (b) zoomed-in view
of 1-5 minutes.

Another way to determine in which period radiation is the dominant mode of heat transfer is to
compare the radiative heat flux with the convective heat flux. For this purpose, a mathematical

approach was applied during the initial heating stage to evaluate the relative contributions of
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radiation and natural convection. The comparison was expressed through the dimensionless ratio

N, = % , Where g, is the radiation heat flux and g, is the convective heat flux.

c

For this comparison, the filter was considered as a vertical plate and the correlations provided in

Incropera et al., Fundamentals of Heat and Mass Transfer [87] were used.
The convective heat flux was estimated using:

qc =h A (T, — Ty) 5.1
Where A; is the area of the filter and, h is the external free convection coefficient, determined
from the average Nusselt number correlation:

Wi =" —C Ra," 32

with the Rayleigh number defined as:

va

Ra,,

Where T, is the temperature of the bottom side of the filter and T, is the ambient temperature.

Appropriate constants C and n were selected for laminar (10* < Ra;, < 10%) and turbulent
(10° < Ra; < 10'3) regimes. For improved accuracy, the Churchill-Chu correlation was also

considered.

For laminar natural convection over a vertical plate (10* < Ra; < 10°), the constants are C =
0.59 and n = 1/4. For turbulent flow (10° < Ra; < 10'3), the corresponding values are C =
0.10 and n = 1/3. To cover the entire range of Rayleigh numbers, Churchill and Chu [96]

proposed a unified correlation for the average Nusselt number, expressed as:
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0.387 Ra, /s
[1+ (0.492/Pr)9/16]8/27

Nu ={0.825 +

This correlation provides reliable predictions for both laminar and turbulent regimes and is widely

recommended for engineering applications involving natural convection from vertical plates.

Although Equation 5.4 is suitable for most engineering calculations, slightly higher accuracy can
be obtained for laminar flow conditions (Ra;, < 10?) using the following correlation [87]:

0.670 Ra, /4 s
[1+ (0.492/Pr)9/16]4/9

The net radiative heat exchange between the filter and the ceramic heater surface is expressed as:

Nu = 0.68 +

_ 4 (Th4 - Tw4) 3.6
qr—1_81+ T 1-g
&4, AyFy_q &4,

where T}, is the ceramic heater temperature, A, is the surface area of the ceramic heater, &; and &,
are the emissivity’s of the filter and ceramic heater, respectively, and F,_; is the view factor from
the heater to the filter. For the configuration shown in Figure 6.45 (i.e., D= 10 cm, a = 20°), the
view factor was calculated as F,_; = 0.6011. Based on literature [97], the emissivity of polyester

filters was taken as 0.8, and the emissivity of the ceramic heater was assumed to be 0.95 [87,98].

Using these parameters, the radiation and convection heat fluxes were calculated at two-time

instants for t = 10 s and t = 60 s, and their ratio was determined:

o Att=10s(T, =32.0°C, T, = 200°C):

Grag = 585.06 w, g, = 16.35w, N, = Z— =222 = 35.78, 0(Nyo) » 1

O(N,:) > 1 indicates that radiation overwhelmingly dominates heat transfer.
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e Att=605s(T, =58.0°C,T, =200°C):

Graq = 537.67w, g, = 81.03 w, N, = Z— = 58317—0637 = 6.64,0(N,,) = 1

O(N,.) = 1 shows that radiation and natural convection become comparable.

These results demonstrate that at very early times ( t = 10 s), radiation is the dominant
mechanism, whereas after about 60 s, convection strengthens and begins to play a comparable role.
These calculations indicate that during the early heating stage, when radiation dominates, the
temperature rise across the filter can be accurately predicted using the calculated view factor

between the heater and the filter.

5.8.2 Experimental Results and Temperature Distribution Analysis

The key parameters used for this verification are summarized in Table 5.4.

Table 5.4. Experimental parameters investigated in this study

Effective parameters Values tested

Setpoint temperature of ceramic heater (°C) 180, 200, 220, 250

Tilt angle of ceramic heater (a°) 0, 10, 20

Heater—filter distance (D (cm)) 10, 15, 25

Before investigating how variations in distance and tilt angle affect the view factor and resulting
temperature distribution, it is necessary first to demonstrate that the experimentally measured
temperature field aligns with the theoretical view-factor predictions for a configuration. This gives

confidence that the comparisons made in the following sections are reliable.

Figure 5.45a and 5.45b present the temperature rise across the filter sections at (D =10cm,a =

0° Tset—poine = 250°C,t =10s ) and the corresponding view factors, respectively.
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The temperature rise is the temperature difference relative to the initial filter temperature (i.e., 22
°C).
As it is evident from Figure 5.45b, the view factor at the bottom section of the filter is the largest

(0.18) compared to the middle (0.0078) and top (0.00055) sections. This corresponds to the

maximum temperature rise observed at the bottom (19.7 °C), which is much greater than at the
middle (3.0 °C) and top (0.8 °C).

The variation in measured temperatures across the filter sections follows the same trend predicted
by the calculated view factors, indicating that the observed non-uniform heating in the experiments
primarily arises from geometric effects, thereby strengthening the reliability of the subsequent

analysis.
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Figure 5.45. a) Temperature rise across the filter sections at (D =10cm, a = 0°, Tser—point = 250 °C, ¢ =
10s ), b) corresponding calculated heater—filter view factors at the same configuration.

Filter Section

In this section, the objective of this analysis is to determine whether the temperature distribution
over the filter could be predicted using the view factor approach. For this reason, the results in the

following sub-sections are presented at a single setpoint temperature of the ceramic heater.

Since the view factor depends only on geometrical parameters (distance and tilt angle) and not on
heater temperature, varying the setpoint would not influence the comparison. Because radiative
heat transfer scales with Ty, the results are shown at the maximum setpoint temperature

(T set—point = 250 °C) to magnify the radiation effects.

115



5.8.2.1 Effect of Heater—Filter Distance on Temperature Distribution
The temperature distribution across different sections of the filter and the corresponding view
factors between the ceramic heater and the filter at various distances for three tilt angles are

illustrated in Figures 5.46-5.48.

As shown in Figure 5.46, the measured temperature rise across the filter and the calculated view
factors confirms the strong correlation between radiative exposure and local heating. For example,
at shorter distances (D=10 cm), the bottom section of the filter exhibited the largest temperature
increase (~19.7 °C), while the top section increased by less than 1 °C and the middle section rose
by 3 °C . This non-uniform distribution corresponds directly to the calculated view factors, where
the bottom section has the highest value (0.18), and the top and middle sections have negligible

values, (0.00055 and 0.0078, respectively).

At greater heater—filter distances, the variation in view factors between the different sections of
the filter becomes smaller, which results in a more even temperature distribution. For instance, at
a distance of 25 cm, the view factor at the bottom section of the filter is 0.0559 and the temperature
rise is about 12.3 °C, and the temperature of the top section with view factor of 0.0025 increases
by around 2.2 °C. The difference between the top and bottom temperatures decreases from 18.9

°C at D=10 cm to about 10.1 °C at D=25 cm.

Additionally, the total view factor decreases as the distance between the ceramic heater and the
filter increases, and a corresponding reduction in the maximum filter temperature is observed. This
trend is expected, since greater distance reduces the fraction of radiative energy intercepted by the
filter surface. For example, the total view factor was calculated as 0.5570 at D =10 cm, 0.4323 at

D =15 cm, and 0.2874 at D = 25 cm. The corresponding temperature increases were 19.7 °C, 17.9
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°C, and 12.3 °C, respectively. This consistent decrease confirms the direct relationship between the

view factor and the measured temperature rise across the filter.

Temperature Rise Across Filter Sections
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Figure 5.46. Effect of heater—filter distance on (a) temperature rise across the top, middle, and bottom sections of
the filter relative to the initial condition at different distances for (a = 0°, Tsetpoint = 250 °C) and (b) the
corresponding view factors between the ceramic heater and the filter at different distances for (@ = 0 °).
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Temperature Rise Across Filter Sections
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Figure 5.47. Effect of heater—filter distance on (a) temperature rise across the top, middle, and bottom sections of
the filter relative to the initial condition at different distances for (a =10 °, Tsetpoine = 250°C,t =10 s) and (b)
the corresponding view factors between the ceramic heater and the filter at different distances for (& = 10 °).
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Temperature Rise Across Filter Sections
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Figure 5.48. Effect of heater—filter distance on (a) temperature rise across the top, middle, and bottom sections of
the filter relative to the initial condition at different distances for (a =20 °, Tsetpoine = 250°C,t =10 s) and (b)
the corresponding view factors between the ceramic heater and the filter at different distances for (@ = 20 °).

The results of this section clearly demonstrate that the experimental temperature distribution is

well supported by the calculated view factors. Sections with higher view factors consistently
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warmed more than those with lower values. This confirms that view factor analysis can explain

the non-uniform heating patterns observed in the experiments.

5.8.2.2 Effect of Heater Tilt Angle on Temperature Distribution

Figures 5.49 to 5.51. illustrate the effect of heater tilt angle on the temperature rise across the filter
sections and the corresponding view factors at distances of 10 cm, 15 cm, and 25 cm, respectively,
with a setpoint temperature of 250 °C. From Figure 5.49 b, increasing the tilt angle from 0 ° to 20 °
decreases the view factor at the bottom section (from 0.18 at 0 ° to 0.16 at 20 °). At the same time,

the view factors of the middle and top sections increase slightly (from 0.0078 to 0.014 at the

middle, and from 0.00055 to 0.0015 at the top).

Moreover, regarding Figure 5.49a, as the tilt angle increases from 0 ° to 20 °, the temperature rise
at the bottom decreases from 19.7 °C to 16.5 °C, while the middle and top sections show a slight
increase (from 3.0 °C to 3.6 °C and from 0.8 °C to 1.5 °C, respectively). Therefore, it can be

concluded that the temperature rise follows the same trend as the view factor.

As shown in Figure 5.49, both the top and middle sections have very small view factors compared
with the bottom section. However, despite their small absolute values, the effect of tilt is more
pronounced at the top. At 0 °, the top section has a nearly negligible view factor (0.00055), which
increases to 0.0015 at 20 °, representing a rise of about 172 %. In contrast, the middle section

increases from 0.0078 to 0.014 from a = 0 ° to a = 20 °, a roughly 80 % increase.

This difference explains why the temperature rise at the top grows more noticeably (from 0.8 °C
ata =0°to 1.5 °Cat a = 20 °, about 77 % increase) compared to the middle section (from 3.0
°Cata =0°to0 3.6 °C a = 20 °, near 20 % increase). Thus, while both values remain small in

absolute terms, the top section shows a stronger relative response to heater tilt.
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Overall, tilting the heater helps spread the radiative energy more evenly across the filter. This

suggests that a slight adjustment in the tilt angle can significantly improve temperature uniformity.

Temperature Rise Across Filter Sections
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Figure 5.49. Effect of heater tilt angle on (a) temperature rise across the top, middle, and bottom sections of the
filter relative to the initial condition at different distances for (D =10 cm, Tgerpoine = 250°C, ¢ = 10 s) and (b)
the corresponding view factors between the ceramic heater and the filter at different tilt angle for (D = 10 cm).
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Temperature Rise Across Filter Sections
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Figure 5.50. Effect of heater tilt angle on (a) temperature rise across the top, middle, and bottom sections of the
filter relative to the initial condition at different distances for (D =15 em, Tsetpoine = 250°C, ¢t =10 s) and (b)
the corresponding view factors between the ceramic heater and the filter at different tilt angle for (D = 15 cm).

122



Temperature Rise Across Filter Sections
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Figure 5.51. Effect of heater tilt angle on (a) temperature rise across the top, middle, and bottom sections of the
filter relative to the initial condition at different distances for (D =25 cm, Teerpoine = 250°C,t =10 s) and (b)
the corresponding view factors between the ceramic heater and the filter at different tilt angle for (D = 25 cm).

At a D=25 cm (Figure 5.51), the temperature rise in the middle section does not follow the same
trend as the view factor. These findings show that when the distance between the heater and filter

increases, radiation becomes less dominant and other heat transfer modes play a greater role. At
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larger distances, the radiative flux incident on the filter surface spreads over a wider area and
becomes weaker. As a result, natural convection and re-radiation from the filter surface contribute
more to the overall heat transfer. Under these conditions, the small increase in view factor at the
middle section does not cause a clear rise in temperature. In contrast, the top section, which initially
receives very little radiation, shows a stronger response to tilt because even a small change in its

exposure leads to a noticeable increase in radiative heating.

The comparison between experimental temperature measurements and view factor calculations
confirms that during the initial heating period, radiation is the dominant heat transfer mode. The
reduction in the temperature rise in the bottom section of the filter and the increase in the middle
and top sections as the tilt angle increases are consistent with the redistribution of view factors.
This agreement supports the interpretation that geometric orientation directly governs the

distribution of radiative energy across the filter.

5.9 Comparison of Experimental Results and the Numerical Study

In this section, the experimental results are compared with the numerical simulations in ANSYS
Fluent. Since the exact properties of the filter were unknown, different values of thermal
conductivity, and boundary conditions were tested until the simulations matched the experiments

most closely. After determining the optimal parameters, three heater tilt angles were simulated.

A schematic of the experimental setup is shown in Figure 5.52. The system consists of a pleated
filter and a ceramic heater positioned 10 cm apart, which were used for both the experimental tests
and the numerical simulation presented in the following subsections. This arrangement was used

to study radiative heat transfer to the filter for the numerical verification.
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Figure 5.52. Schematic of the experimental setup for comparison with the numerical results. The pleated HVAC
filter was mounted vertically inside an insulated enclosure, while a ceramic heater was positioned at an adjustable
tilt angle in front of the filter.

5.9.1 Uncertainty Analysis of Filter Properties and Boundary Conditions
Since the exact thermophysical properties of the filter were not available, a series of simulations

was carried out by varying the filter’s thermal conductivity and boundary conditions.

This uncertainty analysis was conducted to estimate the unknown filter parameters by testing
different values of thermal conductivity and varying the boundary conditions. The objective was
to identify the parameter values that minimized the discrepancy between numerical predictions
and experimental results. In all simulations of this section, the filter emissivity was set to 0.8,

consistent with typical literature values for polyester-based filters [97,99].
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5.9.1.1 Effect of Boundary Conditions

The first set of simulations examined the influence of boundary conditions, as they define the
thermal environment of the system. The boundary condition cases considered are summarized in

Table 5.5.

To illustrate the results, Figure 5.57 compares the experimental temperature profile along the filter
height with the numerical results for two boundary condition cases. Both Cases 1 and 2 follow the

experimental trend similarly.

Interestingly, there is little difference between Cases 1 and 2. This is because the results are shown
after only 10 seconds, when the wall temperature rise is still slight, making the temperature
difference between the unit walls and the surrounding room negligible. Under these conditions,
the convective heat transfer rate is very low, and the boundaries effectively behave as if they were
adiabatic. The low convective heat transfer coefficient at room temperature further reduces heat

exchange, making the outcomes nearly identical to the zero—heat-flux condition.

Overall, Case 2 provided the best agreement with the experimental data. Therefore, the subsequent

simulations were performed using adiabatic side walls and radiative front and back surfaces.

Table 5.5. Boundary condition definitions for the three simulated cases

Case Right & Left Top Bottom Front & Back
1 Convection Convection Zero heat flux Radiation
2 Zero heat flux Zero heat flux Zero heat flux Radiation
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Numerical vs. Experimental Results — Boundary Condition Cases
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Figure 5.53. Comparison of experimental results with numerical simulations under different boundary condition
assumptions at @ = 0°, & = 0.8, k = 0.14 w/mK, Tserpoine = 200°C.

5.9.2 Effect of Thermal Conductivity

After identifying the most suitable boundary conditions, the next step was to examine the effect of
the filter’s thermal conductivity, as this property was not provided by the manufacturer. Figure
5.58 compares the experimental data with numerical predictions for different assumed values of
thermal conductivity: thermal conductivity of the polyester fiber (Kpiper—potyester) and bulk
thermal conductivity. The bulk thermal conductivity was calculated using the following relation

[100]:

kpuie = (1- ¢)kfiber—polyester + @kgir 5.7
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At room temperature (22 °C), the thermal conductivity of polyester fibers and air are

kriver— potyester = 0.14 w/mK and k,;, = 0.025 w/mK, respectively [87]. Assuming a typical

porosity of ¢ = 0.9 for MERV 11 filters, the bulk thermal conductivity was calculated as kj,;;, =

0.0365 w/mK.

From Figure 5.54 when the thermal conductivity of polyester fiber (kpiberpolyester =

0.14 w/mK ) was directly applied, the model produces temperatures lower than the measurements

across the filter height. This assumption treats the filter as a solid polyester medium and neglects

the influence of porosity and the presence of air between the fibers.

In contrast, using the bulk thermal conductivity (k) provided much better agreement with the
experimental results. This approach accounts for the porous nature of the filter by combining the
conductivities of polyester fibers and air, yielding a more realistic representation of heat transfer
through the filter. The filter is highly porous and made up mostly of air pockets, and since air
conducts heat poorly, the filter behaves more like a low-conductivity medium. In this case, heat
does not penetrate deeply but stays near the surface, causing the surface temperature to rise more
noticeably. This explains why the lower conductivity assumption agrees better with the

experimental results.

Overall, the comparison highlights that the bulk conductivity is more appropriate for modeling
porous filters, as it captures both the solid and air phases within the structure. Consequently, k%

was adopted in the subsequent simulation.
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Numerical vs. Experimental Results —Thermal Conductivity Cases

[—k Polyester fiber
——k_Bulk
308 + —h =Experiment

Temperature (K)

0.0 0.1 0.2 0.3 04 0.5 0.6
Filter Height (m)

Figure 5.54. Comparison of experimental and numerical temperature distributions along the filter height for two
thermal conductivity assumptions with e = 0.8 , & = 0°, and Te¢ppine = 200°C.

After identifying the most appropriate boundary condition for the unit walls (zero heat flux) and
determining the effective bulk thermal conductivity of the filter medium, the next step was to
investigate the effect of heater orientation. After confirming the accuracy of the selected
parameters, the verification step examined how changing the heater’s orientation with respect to

the filter influenced the predicted temperature distribution.

5.9.3 Verification of Heater Orientation Effects

In this stage of the verification, the influence of heater orientation was examined by tilting the
ceramic heater at three different angles (a = 0°, @ = 10°, and a = 20°) relative to the pleated
filter. The experimental setup was arranged in the same manner, allowing direct comparison

between measured and simulated results.
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Figures 5.55 and 5.56 illustrate the temperature profiles along the filter height for the three tilt
angles in the numerical model and experiments, respectively. The results correspond to 10 seconds
of heating, with the heater set at 200 °C and positioned 10 cm from the filter surface. In both sets
of results, the temperature profiles show a similar pattern, with the maximum values occurring at
the lower part of the filter, where the radiative effect is most intense, and gradually declining
toward the top. Furthermore, since the heater was positioned only 10 cm from the filter surface,

the maximum temperature consistently occurred at the bottom regardless of orientation.

In addition, Figure 5.56 shows that when the heater is tilted to 20 °, the temperature at the bottom
drops slightly, while the top experiences a slight increase. This limited effect is mainly because the

exposure time was short (10 seconds), and the same trend also appears in the numerical results.

Finally, as can be seen from Figures 5.55 and 5.56, there is a consistency between the experimental
and numerical profiles, which demonstrates that the simulations can predict the experimental data,
capturing the correct transient behaviour and the relative impact of heater tilt under these

conditions.
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Experimental Temperature Distribution Over Filter Height
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Figure 5.55. Experimental temperature distribution along the filter height for different tilt angle.

Numerical Temperature Distribution Over Filter Height
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Figure 5.56. Experimental temperature distribution along the filter height for different tilt angle
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To clearly demonstrate the comparative behavior between experimental measurements and
numerical predictions, Figure 5.57 shows the temperature distributions along the filter height for
each tilt angle individually: (a) «a = 0°, (b) @ = 10 °, and (c) @ = 20 °. In all cases, the profiles
show the same general behavior, with maximum temperatures occurring at the bottom of the filter

and gradually decreasing with height.

For the & = 0 ° case (Figure 5.57a), the maximum error between numerical and experimental
results is 7.26% at a height of 0.148 m, while the error at the top of the filter is less than 1%
(0.27%). For the & = 10 ° case (Figure 5.56b), the maximum error increases slightly to 7.73% at
0.148 m, with the error at the top rising to 1.17%. In the o = 20 ° case (Figure 5.57c¢), the
maximum error is 7.75%, and the error at the top further increases to 2.39%. The variations
between numerical results and experimental data in the top section of the filter, which occur with
changing tilt angle, are mainly due to the neglect of natural convection in the numerical model.
Although the exposure time is short and radiation dominates the heat transfer process, natural
convection is still present in the experiments, whereas it is entirely absent in the simulations. This
difference, though minor, becomes more noticeable as the tilt angle increases, since the upper
sections of the filter receive greater radiative exposure and the contribution of convection helps to

elevate the temperatures in those regions.

In addition, Figure 5.57 reveals that the discrepancy between numerical and experimental results
becomes larger at @ = 20 ° than at @« = 0° or a = 10 °, reflecting the increased difficulty of
capturing heat distribution at higher tilt angles. These discrepancies can be explained by the

simplifying assumptions in the simulations, which were discussed in section 4.3.

Despite these discrepancies, the consistent alignment of overall trends across the three tilt angles

confirms that the numerical model can predict the experimental data within the tested range.
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Num. and Exp. Temperature Distribution at Tilt Angle = 20°
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Figure 5.57. Comparison of experimental and numerical temperature distributions along the filter height at three
heater tilt angles: (a) a = 0°,(b) a = 10°, and (c) @ = 20 °.
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Chapter 6. Conclusion and Future Work

6.1 Conclusion

This study developed and evaluated a novel infrared heat-based disinfection approach for pleated
HVAC filters, combining ceramic heaters and filter media to achieve surface sterilization without
heating the bulk air. A combination of experimental measurements, radiative view factor
calculations, and numerical simulations was applied to determine the influence of geometric and
operational parameters, including distance between the heater and the filter, tilt angle of the heater,
filter coatings, and enclosure reflectivity, on temperature uniformity, energy efficiency, and

disinfection capability. The main findings can be summarized as follows:

1. Feasibility of Heat-Based Disinfection:
The proposed system successfully achieved the target disinfection temperature of 65 °C
across the filter surface within short exposure periods, confirming the viability of IR-
assisted disinfection for in-situ HVAC applications when the fan is off. For instance, when
two ceramic heaters were placed on both sides of the filter at a distance of 35 cm, with a
tilt angle of 0 ° and a setpoint temperature of 220 °C, complete disinfection was achieved
within 17 minutes, corresponding to a total electrical energy consumption of 0.09 kWh and

a maximum temperature difference of 8 °C across the filter surface.

2. Influence of Geometry:

The heater—filter distance and tilt angle have a significant influence on temperature

uniformity.
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At shorter distances, heat transfer as well as net radiative heat flux are enhanced because a
greater portion of the radiation emitted by the heater is incident on the filter; however, this
also raises the risk of localized overheating due to non-uniform radiation distribution.
Conversely, at larger distances, the maximum filter temperature decreases as the view
factor and the fraction of intercepted radiation are reduced. In addition, the larger distance
facilitates stronger buoyancy-driven airflow, which carries heat away from the filter surface

and further contributes to temperature reduction.

In addition, the tilt angle («) alters the directionality of the radiative flux and the local view
factor across the filter surface. Small tilt angles, particularly at short heater—filter distances,
improve radiation coverage and enhance temperature uniformity by redirecting part of the
heat flux toward previously cooler regions of the filter. For instance, at D = 15 cm in the
fully aluminum-covered configuration, the maximum filter temperature difference is 10 °C
after 18 min at 0 ° tilt, whereas it drops to 6 °C after 22 min when the heater is tilted by

20°.

Surface and Enclosure Modifications:

Surface and enclosure modifications also played an important role in thermal performance.
The use of aluminum reflectors behind the ceramic improved radiation distribution.
Reflators are used for focusing the radiation energy in the direction of the material to be
heated. For instance, at D =25 cm, a = 20 °, and a setpoint temperature of 250 °C, the filter
reaches 65 °C in 15 minutes when the ceramic heater is equipped with a reflector. When
the reflector is removed, the filter reaches 65 °C after 20 minutes. After 25 minutes, the
temperature difference across the filter decreases from approximately 9.2 °C without the
reflector to about 7.5 °C with the reflector.
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Moreover, the application of a carbon coating on the filter surface increased its absorptivity
and accelerated heating compared to the uncoated polyester filter. Two positive influences
of the carbon-coated filter are the reduction in electrical energy consumption and the

improvement in the temperature distribution uniformity across the filter surface.

Energy Performance:

The proposed infrared-based disinfection system is energy efficient, as it achieves effective
microbial inactivation with minimal power consumption compared with conventional
thermal treatment methods. The average electrical energy required for each disinfection
cycle ranged between 0.04 kWh when one ceramic heater is used and 0.12 kWh when two
ceramic heaters are used.

For the optimal configuration with transparent gates, the maximum electrical consumption
was 0.09 kWh when two ceramic heaters were placed on each side of the filter at a distance

of 35 cm, a tilt angle of 0 °, and a setpoint temperature of 220 °C.

Comparison of Experimental Results and View Factor Calculations

The comparison between the calculated view factor between the ceramic heater and the
filter and the measured temperature distribution over the filter surface revealed a clear
qualitative relationship between them. As the heater—filter distance increases, the view
factor decreases, which reduce the total radiative energy incident on the filter and
consequently the maximum filter temperature also decreases. In addition, as the tilt angle
increases, the view factor in the lower section of the filter decreases, while the middle and

upper regions experience higher values. This pattern is also reflected in the temperature

137



distribution, particularly at shorter distances where radiative heat transfer dominates over

natural convection.

6. Comparison of Experimental and Numerical Results

The numerical simulations which were performed with certain simplifications and
considering only the radiative heat transfer during the initial heating period, showed good
agreement with the experimental results and can serve as a reliable basis for future design
optimization and system scalability. The predicted temperature distribution over the filter

matched the measured data with errors below 8% in most cases.

Overall, the research confirms that using infrared ceramic heaters can uniformly disinfect pleated
HVAC filters without damaging the media and significantly decreasing the energy consumption.
The results establish the fundamental design criteria for implementing in-duct or standalone self-

disinfecting filtration units.

Additionally, the system is scalable to fit a variety of HVAC system dimensions. By utilizing view
factor analysis and validated numerical simulations, the design can be adjusted to different filter
sizes and geometric configurations. In other words, the integration of an infrared ceramic heater
and filter can be customized for various HVAC systems, making the solution broadly applicable

and practical for real-world deployment.

6.2 Current Research Limitations and Future Recommendations

The present research has certain limitations that should be addressed in future studies. First, the
numerical simulations primarily accounted for radiative heat transfer, neglecting the influence of
natural convection. Second, the investigation focused mainly on short-term heating to isolate the

effects of radiation, without examining the long-term thermal stability of the system or its
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performance under repeated disinfection cycles. Finally, the view factor and CFD analyses were
based on simplified geometrical assumptions and idealized surface emissivity values, which did
not account for the practical irregularities present in pleated filter structures or variations arising

from manufacturing tolerances.

Moreover, the experiments were carried out under controlled laboratory conditions with still air
and no fan operation, which does not fully represent the dynamic nature of real HVAC systems. In
practical applications, airflow patterns, humidity levels, and particle concentrations fluctuate
continuously and can significantly affect thermal performance and disinfection efficiency. In
addition, the study was limited to testing polyester and carbon-coated filters in combination with
ceramic infrared heaters; therefore, the impact of alternative filter media and other heater types

was unexplored.

Another limitation of the present study is that the effect of dust accumulation on both the filter
surface and the ceramic heater was not considered. Although many HVAC systems include a pre-
filter to capture larger particles, dust accumulation on the ceramic heater surface and filter remains
a potential concern. This accumulation can alter the optical and thermal properties of the materials

and affect the temperature distribution and energy efficiency.

On the filter side, dust loading can act as an insulating layer, which reduces local heat transfer and
creates nonuniform temperature regions. It may also modify the emissivity and absorptivity of the
surface; therefore, the overall heating effectiveness may be diminished. On the heater side, the
deposited layer of particles introduces a fouling effect. The fouling layer increases thermal
resistance and energy dissipation, leading to some of the input heat being absorbed by the dust
rather than transmitted to the filter media. This reduces the net energy available for disinfection

and can eventually alter the temperature distribution across the filter surface.
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Recognizing these requirements, future research recommendations are listed below:

IIL.

I1I.

IV.

VL

VIIL.

Microbial validation:

Perform controlled biological experiments using bacterial or viral surrogates to directly
confirm pathogen inactivation at measured surface temperatures.

Dynamic (fan-on) testing:

Extend the experiments to include forced-airflow conditions representative of actual
HVAC ducts to assess the combined influence of forced convection and radiation on
heat transfer and pathogen inactivation rate.

Techno-economic and life-cycle assessment:

Conduct a comprehensive analysis of energy savings, operational cost, and potential
carbon footprint reduction compared with conventional filter replacement or UV-based
systems.

Scaling and commercialization:

Explore scaling strategies for larger duct sections and evaluate manufacturability,
safety compliance, and retrofit potential in existing HVAC installations.

Influence of Filter Geometry and Pleat Structure:

Investigate how filter geometry, pleat orientation, and media thickness affect thermal
distribution, air circulation, and disinfection uniformity under different heating
configurations.

Coupled CFD-radiation—convection modeling:

Improve numerical models to include natural and forced convection coupling with
spectral radiation for more accurate prediction of transient heating and flow fields.

Effect of Dust Accumulation on Thermal Performance
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To ensure sustained performance, future studies should investigate the combined
impact of dust loading and heater fouling on the long-term stability, energy
consumption, and temperature uniformity of the system. Regular maintenance and
cleaning of the heater surface are also recommended to preserve consistent heating

efficiency and minimize unwanted energy losses during prolonged use.

One of the strategic future research objectives is the practical implementation of the proposed
system beyond bench-scale testing toward integration into full-scale HVAC systems, including
actual ductwork and air handling units. To achieve this transition, a comprehensive understanding
of how to adapt the geometry and configuration of the heater and filter is required to ensure optimal

fit and performance within real-world HVAC environments.

In order to achieve full-scale implementation, it is necessary to identify the relationships among
key parameters that affect the temperature distribution across the filter. These parameters can be
listed as the Rayleigh number, view factors between surfaces, surface emissivity and absorptivity,
the ceramic heater temperature setpoint, and the physical dimensions of the components.
Therefore, CFD simulation that account for both natural convection and radiation, as well as

controlled experiments at different scales, should be implemented.

Furthermore, by conducting a range of CFD simulations and experimental tests at various scales,
we can establish correlations between effective parameters to provide a basis for setting the heater
temperature to achieve effective disinfection under diverse HVAC system conditions. Therefore,
this gives us a practical guideline for scaling up the technology from a controlled lab setup to real-

world HVAC installations.
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Appendix A- Matlab Code for View Factor Analysis

function F12_matrix = view_factor_x_axis_rotation_with_yOffset()
clear all;
clc;

o/
/0

% Geometry definitions

o/
/0

% Surface 1 dimensions (in-plane coordinates)
x1=24.5; % dimension in the local x direction
yl=6; % dimension in the local y direction
Al =x1*yl; % area of surface 1

% Surface 2 dimensions

X2 =30; % dimension in x
y2=60; % dimensioniny

A2 =x2 * y2; % area of surface 2

% Rotation about the x-axis
alpha_deg =-20; % tilt angle %put in negative
alpha_rad = deg2rad(alpha_deg);

% Displacement of Surface 1 along global y
yOffset = -25; % example offset (positive => shift up)

% Distance between surfaces along +z
d =10; % surface 2 is at z=d

%
% Integration resolution
%
Nx =50; % # subdivisions along x
Ny =50; % # subdivisions alongy

o/

% SURFACE 1 (rotated about x, then offset in y)

% Initially, Surface 1 is in xy-plane (z=0), normal +z

% We'll rotate about x by alpha, then shift up by yOffset.

o/

[X1_local, Y1_local] = meshgrid(linspace(-x1/2, x1/2, Nx), ...
linspace(-y1/2, y1/2, Ny));

dAl = (x1/Nx) * (y1/Ny);

156



% z=0 initially
Z1 _local = zeros(size(X1_local));

% Rotate about x-axis:

% x'=x

% y'=y*cos(alpha) - z*sin(alpha)
% z'=y*sin(alpha) + z*cos(alpha)
% Because z=0, it simplifies to:

% X1_rot=X1_local

% Y1 _rot=Y1 local * cos(alpha)
% Z1_rot=Y1_local * sin(alpha)
X1_rot = X1_local;

Y1 rot=Y1 local .* cos(alpha_rad);
Z1 _rot =Y1_local .* sin(alpha_rad);

% Now apply the additional shift along global y:
Y1 _rot =Y1 rot + yOffset;

% The normal to surface 1:

% originally +z => after rotation about x => (0, -sin alpha, cos alpha)
N1x=0;

N1y = -sin(alpha_rad);

N1z = cos(alpha_rad);

%
% SURFACE 2: parallel to xy-plane atz=d
% =>normal is -z

% We'll subdivide surface 2

%
num_x_sections = 3;

num_y_sections = 12;

F12_matrix = zeros(num_x_sections, num_y_sections);

dx2 = x2 / num_x_sections;
dy2 =y2 / num_y_sections;

Nx2 =0;

Ny2 =0;

Nz2 =-1; % facing negative z
fori=1:num_x_sections

for j=1:num_y_sections
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% sub-panel in x2, y2
X2_min =-x2/2 + (i-1)*dx2;
X2_max = x2_min + dx2;
y2_min =-y2/2 + (j-1)*dy2;
y2_max =y2_min + dy2;

% Discretize sub-panel

[X2_local, Y2_local] = meshgrid(linspace(x2_min, x2_max, Nx), ...

linspace(y2_min, y2_max, Ny));
dA2 = (dx2 / Nx) * (dy2 / Ny);

% in global coords, surface 2 isatz=d
x2_global = X2_local;

y2_global =Y2_local;

z2_global =d * ones(size(X2_local));

o/
/0

% Double integration

%

F12=0;

for p = 1:Nx

for g =1:Ny

% coords on surface 1
x1p = X1_rot(p,q);
ylp =Y1_rot(p,q);
z1p =Z1_rot(p,q);

for r = 1:Nx
for s = 1:Ny
% coords on surface 2
x2p = x2_global(r,s);
y2p = y2_global(r,s);
z2p = z2_global(r,s);

dx =x2p - x1p;
dy_dist =y2p - ylp;
dz =z2p - zlp;

s2 = dx”"2 + dy_dist"2 + dz"2;
if s2 < 1.0e-15
continue
end
dist_mag = sqrt(s2);
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% dot for cos_thetal
dotl = (N1x*dx + N1ly*dy dist + N1z*dz);
cos_thetal = abs(dotl) / dist_mag;

% dot for cos_theta2
dot2 = (Nx2*dx + Ny2*dy_dist + Nz2*dz);
cos_theta2 = abs(dot2) / dist_mag;

% dF
dF = (cos_thetal * cos_theta2) / (pi * s2);

F12 =F12 + dF * dA1 * dA2;
end
end
end
end

% shape factor from surface 1 to this sub-panel
F12_matrix(i,j) = min(F12 / A1, 1);
end
end

total_F12 = sum(F12_matrix(:));

disp(['Total View Factor from Surface 1 to Surface 2: ', num2str(total_F12)]);
end
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Appendix B- Experimental Results Using Two Ceramic Heaters

Table B.1 summarizes the experimental results including the effect of heater—filter distance, tilt

angle and setpoint temperature on the minimum and maximum filter temperatures, heating

duration, and energy consumption.

Table B.1. Experimental results for filter disinfection using two ceramic heaters

Tilt | Distance Setpoint Minimum Maximum Duration Is the filter Electrical
angle D) temperatures | temperature | temperature | (minutes ) | disinfected? Energy
() (cm) (°C) (°C) (°C) Consumption
@) (KWh)
0 10 180 34 93 3 NO -
15 180 50 88 25 NO -
200 43 96 5 NO -
25 200 61 82 25 NO -
220 70 95 25 YES 0.1
35 200 63 75 25 NO -
220 72 80 17 YES 0.09
10 10 180 48 85 25 NO -
200 40 98 4 NO -
180 50 82 25 NO -
15 200 56 90 25 NO -
220 46 98 5 NO -
25 200 62 82 25 NO -
220 68 90 20 YES 0.12
35 200 63 72 25 NO -
220 68 77 16 YES 0.1
10 180 49 80 25 NO -
200 54 90 25 NO -
180 51 76 25 NO -
15 200 56 90 25 NO -
20 220 51 93 5 NO -
25 200 60 76 25 NO -
220 68 88 22 YES 0.12
35 200 61 73 25 NO -
220 69 80 21 YES 0.1

The results demonstrated that in shorter distances, increasing the tilt angle decrease the

temperature differences over the filter significantly. while the effect of changing tilt angle at far

160




distances is not significant. For example, at distance 15 cm, setpoint temperature 180 °C after 25
minutes when the tilt angle is 0 °the temperature differences over the filter was 38 °C while this
value decreases to 25 °C when the tilt angle rose to 20 °. On the other hand, the temperature
difference at distance 35 cm remained constant approximately by increasing tilt angle. This
suggests that adjusting the tilt angle is most effective in improving temperature uniformity when

the heaters are positioned closer to the filter.
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