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Abstract

Recent wildfire events in California and Oregon have resulted in localized water
contamination. A potential cause is the heating of polymer-based water service lines and mains in
these communities. Finding the source of contamination can be a huge burden on municipalities,
taking significant resources and time. The investigation in Santa Rosa and Paradise, California
took months and millions of dollars and delayed the recovery time for these communities. These
contamination events highlighted the need for a quicker, more efficient way to check water lines
in affected areas. Previous research has shown that the threshold temperatures that result in
contamination are 194° C for polyvinyl chloride (PVC) and 250° C for high-density polyethylene
(HDPE) pipes, respectively. The objective of this work is the development of a low-cost sensor

system to identify potentially damaged pipelines and sources of water contamination.

The proposed solution is a radio frequency identification (RFID) based temperature
sensor to indicate once a certain temperature is reached. Passive, ultra-high frequency (UHF)
RFID tags are used in conjunction with a trigger mechanism that disconnects after the threshold
temperature is reached over a meaningful duration. Passive RFID tags will allow for the sensor to
work without the use of batteries and are low-cost. The design and characterization of the sensor
utilize two experimental frameworks: (1) benchtop testing, and (2) small-scale tests in a more
realistic environment. The benchtop testing identified the trigger temperature, mechanism, and
reliability of the sensor design. The small-scale testing installs the sensors on buried pipes
subjected to a realistic fire load. The resulting design and characterization will be presented in
terms of accuracy and reliability. Additionally, the heat flux of the benchtop testing will differ

from a more realistic environment, so the results will be compared to isolate how the heat flux

il



might impact future WUI- based sensor development. These tests will support the development of

the RFID-based sensors for full-scale implementations.
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Chapter 1. Introduction

Recent wildfire activity has negatively impacted communities, particularly in the wild-urban
interface (WUI) (Iglesias et al. 2022). Communities along the wildfire path often suffer
destruction to homes, businesses, schools, and medical facilities (Schulze et al. 2020). Kramer et
al. (2021) analyzed the rebuilding rates in California up to 25 years after wildfires from 1970 to
2005. The study found that 58% of the destroyed buildings were rebuilt within 3-6 years, and
approximately 94% of the remaining buildings were rebuilt within 13-25 years (Kramer et al.
2021). The 2017 Tubbs fire in Santa Rosa, California destroyed 5,636 structures and damaged an
additional 317 structures (Cal Fire 2019a). It is estimated that the Tubbs fire cost $9.4 billion (Cal
Fire 2019a). The 2018 Camp fire in Paradise, California engulfed 18,000 acres of land in 8 hours,
destroying a total of 153,000 acres of land (Cal Fire 2019b). Cal Fire (2019b) estimates that the

Camp fire caused $12.5 billion in total insured losses.

Shortly after the Tubbs and Camp fires, volatile organic compounds (VOCs) such as
benzene were found in the water distribution system with levels over the federal maximum
containment levels (MCL) (Proctor et al, 2020; Richter et al. 2022). Typically, water distribution
systems consist of water mains, meter boxes, and service laterals. Water mains are located a
greater depth below the ground (depths greater than 1.07 m) than service laterals (minimum depth
of 0.305 m). Approximately, 3% of the water main pipes tested in Paradise and Santa Rosa
contained contaminants over the MCL (Richter et al. 2022). While 19% of service lateral pipes

were found to have contaminants over the MCL (Richter et al. 2022).

Two potential causes for the contamination are the heating of the service pipeline materials

or negative pressure within the system which caused backflow in the system and allowed



contaminated gases into the system (Schulze and Fisher 2021). This research is predominantly
focused on the heating of pipeline materials. Prior research has found that when heated over a
certain amount of time, plastic pipelines can release compounds such as benzene, toluene,
ethylbenzene, xylene, chlorobenzene, and naphthalene into the air and water supply, making it
dangerous to drink (Isaacson et al. 2020; Metz et al. 2022; Schulze and Fisher 2021). When
subjected to this level of heat, pipelines affected by wildfires can remain structurally sound and
exhibit melting or look fine at first glance. Isaacson et al. (2020) document high-density

polyethylene (HDPE) pipelines affected by the wildfire burn severity.

The lack of easily accessible potable water can result in long school closures, prolonged
business shutdowns, and many people being displaced from their homes (Hamideh et al. 2021).
Testing the water and condition of every pipeline can be a long and expensive process, and the
replacements and testing can be a main contributor to the time it takes for a community to rebuild.
The contaminants caused by the Tubbs and Camp fire took more than a year to remove (Isaacson
et al. 2020). Further, the 2018 Camp fire in Paradise, California caused structural damage to 6 of
the 8 schools in the area, and only 2 of those schools completely collapsed due to the fire
(Schulze et al. 2020). After the wildfire, schools were either combined or students were sent to
neighboring schools. As of 2020, Schulze et al. (2020) found that only 4 of the schools reopened

in 2019, with 2 of the schools not having available data.

Physically checking every pipeline to assess for damage or potential leaks can be costly and
time-consuming, so alternative approaches have been explored. The most common form of pipe
monitoring is based on fiber optic cables; these monitor an entire length of pipe and track
temperature changes to detect leakage (Lin et al. 2019). The cost of a fiber optic system depends

on its implementation, Badar et al. (2021) listed the cost of fiber optic temperature monitors as



$5,000 to $16,000, and the cost of fiber optic temperature sensors as $10,000. Alternatively,
wireless sensing systems such as radio frequency identification (RFID) systems can be used to
surveil certain points of pipelines. Vyas and Tye (2019) developed a passive RFID system that
could detect leakage from pipelines, but the system requires continuous data monitoring to fully
operate. To overcome challenges using buried wireless sensing, other pipeline monitoring

systems use battery-powered RFID tags to propagate signals further (Lin et al. 2019).

For other temperature monitoring applications, such as monitoring electrical components,
thermal exposure for vehicles, and indicators for sterilization processes, visual indicators can be
implemented. Sling et al. (2009) developed a color-based time-temperature indicator, where a
permanent color change occurs at specific temperatures and the color indicates the time the
temperature was reached. The extension of these visual tools to pipeline monitoring could be

limited given there is not often a direct line of sight to the system.

Wildfires are not constant from event to event, the ground temperatures of forest fires can
range from 200° C to 800° C, depending on the location, fuel source, and atmospheric conditions
(Isaacson et al. 2020). The temperature the pipelines are exposed to is also dependent on many
factors, such as burial depth, thermal conductivity of the soil, the ground temperature of the fire,
and proximity to other materials or fuels, which could expose the pipelines to greater
temperatures. Wildfires do not have consistent intervals such that communities can fully prepare
for these events either. Further, any exposed system could burn and be rendered useless during a
wildfire, making it difficult to actively monitor the pipelines themselves. These factors present a
challenge in the development of a pipeline monitoring system that is low maintenance, low—cost,

and can withstand high temperatures to aid in the recovery of affected communities.



In this thesis, a passive ultra-high frequency (UHF) RFID temperature system is proposed for
monitoring pipeline systems in WUI communities. The system uses a temperature trigger based
on an internal circuit mechanism. The circuit mechanism utilizes a trigger material that is
dependent on the critical temperature of the polymer pipe being monitored. Two RFID tags are
utilized, one that will always be readable, and the second that will be connected to the circuit and
only be operational when the threshold or critical temperature hasn’t been reached. The novelty
of the design lies in the passive operation of the system at high temperatures under harsh
conditions. Chapters 2 and 3 provide a literature review and background on pipeline monitoring
and RFID-based systems. Chapter 4 outlines the design considerations and presents the proposed
sensor system. Chapter 5 reviews the performance of the proposed system in a series of benchtop

and lab-scale experiments. Finally, Chapter 6 discusses conclusions and proposes future work.



Chapter 2. Literature Review: A Review of Pipeline
Monitoring Systems

2.1 Pipeline Monitoring Systems

The use of wireless systems to monitor the health of pipelines can aid in the swift
recovery of these water networks. Fiber optic cables can be used to monitor the health of
pipelines, more specifically to detect pipeline leakage using temperature changes (Inaudi and
Glisic 2010; Lin et al. 2019; Nikles 2009; Nikles et al. 2004). They can cover the entire length of
the pipeline and are relatively cost-effective. In 2010, fiber optic cables allowed for 60 km of
pipeline to be monitored from a single instrument. Fiber optic cables are especially helpful for the
monitoring of pipes in more remote regions and areas affected by harsh environmental conditions
(Nikles 2009). Some fiber optic cables can sustain a pressure of around 75 MPa and are designed
to last for more than 30 years (Nikles et al. 2004). Further, they can function over a large
operating temperature range based on their cables design, such -20°C to 60°C, and -50°C to 80°C
(Inaudi and Glisic 2010; Nikles et al. 2004). However, forest fires tend to have much larger
temperature ranges and, exposing fiber optic cables to these temperatures could damage some of

the temperature sensing nodes and render them useless after a forest fire.

2.2 Temperature Monitoring Systems

Temperature sensing systems are helpful for environments where exceeding a specific
temperature can be detrimental, for example, perishable goods in a refrigerated environment.
Permanent physical change sensors, such as color indicators, can reflect if a certain temperature
was reached but not necessarily when (Crenshaw et al. 2007; Sing et al. 2009; Khan et al. 2021).

The color change can be caused by specific polymers that respond to changes in heat,



deformation, chemicals, light, and many other stimuli (Crenshaw et al. 2007). Exposing these
sensors to temperatures above their glass transition temperature can cause a chemical reaction
that causes an irreversible change of color (Sing et al. 2009). The glass transition temperature
depends on the chemicals used, generally, these can occur from 13°C to 200 °C (Crenshaw et al.

2007; Sing et al. 2009).

Another sensing approach that leverages a permanent change in the system uses shape
memory alloys (Caizzone et al. 2011; Khan et al. 2021). The shape memory can be used to
permanently alter a sensor, which can cause the sensor to bend and change the backscatter signal
which will act as the indication that a certain temperature has been reached (Khan et al. 2021).
The current research found has developed sensors to detect -30° to 100°C (Caizzone et al. 2011;
Khan et al. 2021). These are innovative solutions to temperature sensing, however, they do rely
on visible and open spaces to best see and read the sensor. If the required amount of space is
provided, or they can be easily viewed after a high-temperature event, then these sensors would
be very beneficial. These sensors do need to be visibly accessible, so either keeping them in plain

view or in an easy-to-access area will be the most efficient.

2.3 RFID-Based Sensing

Radio Frequency Identification (RFID) is a wireless sensing system that is commonly
used as an asset monitoring system due to its low cost (Franchina et al. 2019). However, it can
also be used for a variety of sensing applications, such as temperature, and humidity sensors if set
up properly (Abdelnour et al. 2018; Hamrita and Hoftacker 2005; Zhang et al. 2017). RFID is
split into three general systems: active, passive, and semi-active. All three of these systems will
allow for health monitoring if a sensor or other means are used with the tag (Hamrita and

Hoftacker 2005). Active and semi-active are battery-powered. Active systems utilize the power



for sensing and communication and can store information in between readings. Semi-active tags
use the battery solely to power a sensor (Caizzone et al. 2011; Occhiuzzi et al. 2013). On the
other hand, passive tags can only transmit information at the time they are powered by the reader
because they do not have a battery (Babar et al. 2012a; Occhiuzzi et al. 2013). To receive
constant data from a passive tag, a reader must be able to continually transmit signals to the tag
and then returned data from each reading is recorded, otherwise referred to as a continuous-wave
system (Abdelnour et al. 2018). Passive UHF RFID systems are preferred for asset tracking due
to their long-read ranges and high reading rate, and depending on the tag, passive systems can be
more cost-effective than active or semi-active systems (Franchina et al. 2019). Due to the lack of
battery in a passive RFID tag, they do tend to live longer than their active and semi-active

counterparts.

Active and semi-active tags are easier to configure for structural health monitoring and
can store data with more ease than passive systems, but they do require more frequent
replacement due to the limited battery life. A passive system can still be used as a structural
health monitoring system when set up correctly (Hamrita and Hoffacker 2005). The use of
chemically interactive materials in a tag can allow volatile chemicals to be detected by RFID
sensors, passive RFID tags included (Amendola et al. 2014; Hamrita and Hoftacker 2005).
Alternatively, integrated circuits can be added to RFID tags to allow for system monitoring, such
as temperature readings. For examples, the combination was used to monitor the temperature of
concrete during the curing process (Liu et al. 2017). The sensing capabilities and the read range
of an RFID tag are inversely related, as the chemical or physical changes exerted on the tag

change the energy that the tag can release (Occhiuzzi et al. 2013).



2.4 RFID Read Range

The read range of an RFID tag and the strength of its backscatter signal can be affected
by the properties of surrounding objects (Occhiuzzi et al. 2013). In free air, an RFID system can
have long, undisturbed read ranges, however, materials such as soil, metal, water, or moisture can
reduce the read range and backscatter signal strength (Abdelnour et al. 2018; Bauer-Reich et al.
2014; Franchina et al. 2019; Huang et al. 2020; Mishra et al. 2014; Vyas and Tye 2019). From
previous research, increasing the water content of soil increased the attenuation of RFID tags,
however, magnetic fields from RFID tags are not impacted as strongly (Vyas and Tye 2019).
Concrete, and more specifically wet concrete, can limit the read range of tags, and metal can
detune RFID tags, if they are not properly designed and implemented (Abdelnour et al. 2018;
Babar et al. 2012a; Franchina et al. 2019; Hauser et al. 2005; Vyas and Tye 2019; Liu et al.

2017).

The read range of an RFID tag also depends on the tag antenna’s geometry and the
substrate of the antenna (Babar et al. 2012a; Babar et al. 2012b). The performance of the RFID
tag is directly related to the size of the RFID tag antenna, as the antenna gets larger, the
performance gets better, and vice versa (Babar et al. 2012a). However, the antenna can be sized
down if a substrate with a higher permittivity value is used beneath the tag; these substrates can
also be flexible, allowing RFID tags to be placed in smaller, not flat, cavities (Babar et al. 2012a;

Franchina et al. 2019; Hauser et al. 2005; Liu et al. 2017).

The RFID system that is chosen can also influence the read range. Active tags have a
battery and can use that power source to send a signal, which leads to a higher operating range
than passive tags. Passive tags send signals back based on the limited power sent from the reader

(Reinisch et al. 2011). As mentioned previously, if a short-term monitoring system is needed,



then active tags may be the solution, but if longer-term monitoring is required, the continual

replacement of active tags can be a limiting factor due to cost.

2.5 RFID Temperature Sensing Systems

Understanding how RFID tags change when close to certain mediums can allow for
innovative temperature sensors (Aroca et al. 2018). Bhattacharyya et al. (2010) developed a cold
storage temperature threshold sensor that utilized the understanding of how tag performance
changes when exposed to water (Bhattacharyya et al. 2010). This system used two tags separated
by a thin layer of ice, when the threshold is exceeded, the ice melts onto the bottom tag, rendering
the bottom tag useless (Bhattacharyya et al. 2010). When the system is read, the missing signal
from the bottom tag alerts users that the transported goods may not be safe anymore. Separately,
Virtanen et al. (2011) used distilled water as a sensing element along with an RFID tag over an
operating temperature range of 0°C to around 100°C. They considered how distilled water
changed when exposed to certain temperatures and looked for a change in the backscatter signal

to determine the temperature change (Virtanen et al. 2011).

The use of shape memory alloys can also alter some tag properties, such as the reading
frequency, which can then be used to determine the temperature. Khan et al. (2021) looked at
attaching RFID tags to shape-memory alloy beam, which would bend when exposed to 50 °C for
30 seconds; when bent, the backscatter strength of the tag would decrease. Another development
of RFID tags with shape memory alloys was implemented by Caizzone et al. (2011). They used
two microchips, one that would read no matter the temperature, and second that would transmit
based on the temperature. Different shape memory alloys would cause the RFID tag antenna to
bend at different temperatures. This results in a system that could be designed to sense

temperatures from -30°C to 100°C, with a read range of around 30 mm. Currently, a fully passive



temperature sensing RFID system is limited to 100°C, but there is potential to reach higher

temperatures.

2.6 RFID Sensors in Underground Systems

RFID systems that are implemented in soil do need to consider the loss of signal strength
caused by the moisture in the soil. Active systems can be a solution, but if a long-term sensor
system is needed, an active system may not be the most cost-effective (Aroca et al. 2018, and
Reinisch et al. 2011). Several authors have presented or developed different equations to estimate
the signal path loss of wireless sensors in the soil, but the variability of soil conditions does make
it difficult to get an accurate answer (Abdelnour et al. 2018; Huang et al. 2020; Reinisch et al.
2011; Sing et al. 2009). The use of RFID in mining operations is also being looked at, but the
corners in mines can limit signal propagation and make it difficult to read every signal tag
(Mishra et al. 2014). Another factor to consider is the movement of the soil. When people,
animals, or even machines move across the ground, the soil can shift which can potentially

damage any exposed wirings or fragile components of the sensor (Aroca et al. 2018).

One solution to the signal loss that occurs in the soil is to use multiple nodes with
increasing depth in the soil (Lin et al. 2019; Sing et al. 2009). The idea is that one node receives
the signal from the reader, which then is programmed to propagate the signal down to the next
node, and the cycle repeats until the signal gets to the last node. The signal is then sent back up
the chain and to the reader to gain the information from the sensor nodes. Lin et al. (2019) found
that this system could be powered continuously for 27 days, or up to 2 years if the data reporting

occurs once cvery hour.

If a passive system is preferable, comparing the necessary input power for the tag and the

output power of the reader chosen will give a decent idea of the potential read range; the greater

10



the difference in power, the higher the operating distance (Reinisch et al. 2011). However, this
doesn’t fully account for the loss of signal due to soil moisture, so that will also need to be
considered. UHF passive systems are preferable for underground applications as they have a
frequency that can potentially reduce loss from the soil (Abdelnour et al. 2018). One subsurface
sensor design uses a frequency doubler to make up for any signal loss going back to the reader,
and the reader would process that information, eliminate any extraneous data and read the tag
(Abdelnour et al. 2018). This setup allowed for a read range of up to 60 cm under the soil with a

25% or less water content (Abdelnour et al. 2018).

Beyond just considering it as a limitation, the impact of soil moisture on RFID tags
response was leveraged to detect the moisture content in the soil. Passive soil moisture monitor
sensors were developed by Aroca et al. (2014); they placed 3 sensors during testing, at 5, 15, and
20 cm below the surface, and were able to receive signals from the tags to a reader placed just
slightly above the surface. Using a similar ideology, Bauer-Reich et al. (2014) looked at how the
depth of a sensor and the moisture connection impacted the read range. When their system was

placed in soil, they found a read range of around 2 m, with the tag at a depth of 15 cm.

11



Chapter 3. Background

RFID-based wireless sensing systems are commonly used for asset monitoring, keys, and
race timers. There are four main parts to an RFID system: the reader, the antenna, and the RFID
tag. The RFID reader will send a signal through the antenna, to tags within the system’s read
range. The RFID tag itself is comprised of a tag antenna, which will catch and return the signal,
and an RFID chip. The chip is where the tag’s identification number and any information stored
on the tag will be found. The signal is sent to the tag chip and then sent back to the reader for
information to be collected and stored. These main components dictate the read range, durability,

and cost of the system operation.

The reader, or interrogator, is the main component of an RFID system. This device, either
fixed or handheld, sends and receives signals from the entire system of tags. A fixed reader needs
to be connected to a power source, which allows the use of stronger signals. These fixed devices
are more commonly used in warehouses for asset tracking in large spaces, as their signal can
reach further distances. Handheld readers are smaller and more portable, even cell phones can
become RFID readers if the correct app is downloaded. However, because handheld readers only
have a limited power supply, tags need to be relatively close for the reader to register. Handheld

readers are often used for key-type applications such as for hotel rooms and apartments.

Antennas are used to convert the RFID reader’s signal into RF waves, which RFID tags
can register. The polarity of the RF waves sent out by the antenna is either along horizontal or
vertical planes. Similar to other wireless systems, if the polarity of the antenna matches the
polarity of the RFID tag, the read range of the system can be longer than if they mismatch.
Circularly polarized antennas transmit waves in both the horizontal and vertical planes. This

antenna is beneficial if multiple tags are used with different polarities. The signal from circularly
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polarized antennas is rotated between the horizontal and vertical planes, and because the energy is

divided among the two planes, the reader range will be shorter than that of a linear antenna.

Two reader and antenna combinations are possible: an integrated system and a separate
antenna and reader. When an integrated RFID is used, the antenna is built into the reader. If the
antenna is distinct from the reader, an antenna port and a cord are used to connect the antenna and
reader. The thickness and length of the cord can impact the read range of the system with a longer
and thicker cord causing a shorter read range than a thinner and shorter one. However, the
influence of the cord choice on the read range is not as impactful significant as the reader or

antenna design.

RFID systems operate within 3 different frequency ranges, which are generalized as low
frequency, high frequency, and ultra-high frequency (UHF). Low-frequency systems are typically
used for car key fobs and animal tracking and work well near liquids and metals. However, they
do have a shorter read distance and a high production cost. High-frequency systems are typically
used for library books, and personal ID cards and have larger memory options than the other two
frequency ranges. The read distance of high-frequency systems is short with a low data
transmission rate. UHF systems can be broken into active, semi-active, and passive RFID. Active
tags are equipped with a battery and can store data between readings. These are typically used for
vehicle tracking, mining applications, and asset tracking. Semi-active tags are similar, except the
battery is used to power a connected sensor system. Both systems have large memory capacities
and can track and store information between contact with readers. Due to the battery, they have a
long-read range, but they generally have a much shorter life span than other tags. Passive RFID is
typically used for supply chain tracking, manufacturing, and race timing. Passive systems cost

less per tag when compared to active systems and have a wider variety of shapes and sizes of
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tags. However, they only have a moderate memory capacity and a shorter read range than active
tags. Proximity to water and metals can cause interference in RFID systems in the high frequency

and UHF range.
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Chapter 4. Sensor Design

The goal of this research is to develop a system that communities can use after wildfire
events to find potential areas of contamination more efficiently in the water distribution system.
Two potential causes for the contamination are the heating of the service pipeline materials or
negative pressure within the system that causes backflow in the system and allows contaminated
gases into the system (Schulze and Fischer 2021). The sensor system presented herein is
developed to address the heating of polymer-based pipes as a source of contamination. First, the
key design considerations developed from previous work and wildfire findings are outlined.

Second, the proposed sensor solution is presented.

4.1 Design Considerations

Based on the previous wildfire experiences and work in pipeline monitoring outlined in

Chapters 1 and 2, the following considerations were used when developing these sensors:

. Buried Wireless system — Systems with components on the ground surface have the
potential to fail prematurely due to the high temperatures. Further, the temperature of the
wildfire might vary significantly from the ground surface to the buried depth of the
pipeline based on fuel load, duration, and soil type. A buried, wireless system allows for
everything to exist right at the pipeline and offers protection for the sensing system.

. No Internet access required — Although wireless, the sensors should have the capability of
being read without the use of the Internet. Recently, in the Boulder fire in Colorado, the
internet was not readily available (Whelton et al. 2023). In case this happens in future

wildfire events, these sensors should still be usable.
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. Cost-effective, Easily Deployable — Often the regions impacted by wildfires and the water
pipeline networks are large, so sensors costs should be low to allow for dense deployments
and encourage adoption.

. Longevity of the sensor — These sensors should have a long lifespan. Forest fires do not
occur at regular intervals, so using a system that only lasts 5 years would be inefficient and

would cost more money as the sensors would need to be replaced.

Given these design considerations, RFID-based sensors seem best suited to the
application. They are wireless systems that can be read without the internet, relatively cost-
effective, and all can be used as temperature sensors if properly designed. RFID tags are not
large, therefore the implementation of them underground only consists of one hole big enough for
an RFID system, and deep enough to monitor the selected systems. A passive RFID system will
be more likely to achieve a long lifespan, currently, passive RFID systems can survive around 30

years. Thus, a passive RFID system achieves the five objectives listed above.

The depth at which these sensors should be placed is dependent on how the soil responds
to heat, as well as the read range of the sensor. Research from Metz et al. (2022) has found that
the heating threshold for PVC and HDPE pipelines to leach VOCs are 194 and 250°C for 30
minutes, respectively. To determine at what depths these thresholds will occur, analytical models
for soil temperature profiles were developed by Richter (2021). The threshold depth will change
depending on the surface heat flux of the wildfire and the duration of the wildfire. For a heat flux
of 15 kW/m? at 2 hours, temperature greater than 194° C occur from the surface to a depth of
0.12 m (4.3 in), and greater than 250° C occurs from the surface to a depth of 0.1 m (3.9 in). In a
wildfire with a heat flux of 30 kW/m? for 2 hours, the PVC threshold will occur from the surface

to a depth of 0.18 m (6.5 in), and the HDPE threshold will occur from the surface to a depth of
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0.16 m (5.8 in). Currently, there are two main pipeline depths, the depth to the service line, 0.5 m
(18 in), and the depth of the water main, 3 m (9 ft). However, the service lines ultimately need to
reach the structure, so their depth may vary. Based on the analytical models from Richter (2021),

the critical depth of the pipeline will be from the surface to around 0.2 meters.

Ultimately, the number of sensors deployed in a community will depend on how many
pipelines that are within the threshold depth, budget, and risk tolerance of the community.

Keeping costs and maintenance efforts low should enable potentially dense deployments.

4.2 Sensor Design

A passive RFID-based system will be used, but a passive RFID tag cannot track and
record temperatures while a forest fire is occurring, so an alternative system will be needed.
Bhattacharyya et al. (2010), Caizzone et al. (2011), and Khan et al. (2021) all discussed a passive
system that considered how RFID tags interact with surrounding materials to measure a threshold
temperature. Bhattacharyya et al. (2010), separated two RFID tags by a thin sheet of ice, once the
threshold was reached the ice would melt onto the tag on the bottom, stopping the bottom tag
from transmitting a signal. Both Caizzone et al. (2011), and Khan et al. (2021) used shape
memory alloys, which would bend at a specified temperature, to cause the signal of the RFID tag
to be weaker. The passive temperature threshold sensors only have an operating range of up to
100°C, which will not be sufficient for wildfire events, but they do offer inspiration for this
pipeline temperature sensor system. A material that would melt at the heating threshold of each

pipe could be used to stop a passive tag from reading, alerting any users to test the water.

If only one RFID tag is used within the system, there is a high likelihood of false
positives that indicate the threshold is reached. Temperature sensors designed and discussed by

Bhattacharyya et al. (2010), and Khan et al. (2021) both used two-tag passive systems as
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temperature threshold sensors. Each had one tag that would read regardless of the temperature
exposed to the system, while the other tag would only read until a temperature threshold has been
reached. The use of a read-only tag and a threshold temperature tag was a big influence on the
design of these sensors. If only a temperature threshold tag was provided, it may be hard to
determine if a particular pipe was affected. The use of the second tag means that sensor systems

could be localized, and the threshold condition effectively identified.

In this paper, two different models were developed and tested, Model 1 (M1) and Model
2 (M2). Both sensors used the same RFID reader and antenna system as shown in Figure 4.1.
Both sensors use a similar framework of RFID sensors and enclosure but implement a different
threshold circuit design. Each used a Digi-key Molex RFID tag for the threshold temperature
sensor and a high-temperature Model C2525 passive RFID tag from RFID Inc. The Molex RFID
tag is listed to have a read range of 4.5 m and has direct access to the tag’s antenna (Molex
0133580821). The C252 high-temperature tag is encased in ceramic to survive up to 250°C and
has a shelf life of about 40 years (RFID Inc). They system is protected within a rectangular
alumina (Al,053) crucible will be used; anything moving over soil can disturb and shift the soil
around the sensor system, so any exposed elements could be compromised. Every RFID tag has
an ID number to distinguish them from each other. Each type of tag has matching values for the
first 8 digits of its ID. Therefore, the Molex tag and High Temperature tag can be identified while
in the ground. To prevent this, and to give the system a small amount of protection a rectangular
alumina (AI1203) crucible will be used. The crucible is 100 x 40 x 20 mm in size to fit the high-

temperature tag which is 25 x 25 x 3mm.
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Figure 4.1: RFID system Set-up

The central difference between the two models is how the threshold sensor is designed.
The baseline for both is that a circuit-based system will be incorporated into the antenna of the
Molex tag, which is shown below in Figure 4.2. A cut will be made in the antenna to alter the RF
wave signal, and the circuit will be added to the antenna at that cut point. The cut point for each

Model was chosen to best fit the threshold circuit designed.

Figure 4.2: Molex Tag

The design of M1 is shown below in Figure 4.3. The overarching idea was for the circuit
to act like a switch. There are two rods in M1, the pinned and the fixed rod, that act as the circuit.
Copper wires are soldered to the brass rod and then connected to the antenna with tape at the cut.
The wire used must be conductive and have a coating that can withstand high temperatures,

otherwise, the wires could damage the rest of the sensor. A trigger material supports the pinned
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rod to stay up and was chosen to melt at the threshold, such that the pinned rod would fall to
break the circuit. Before the threshold is reached, the circuit will be closed, and the RFID tag will
be able to send a signal to and from the RFID chip, because the antenna is closed. When the
threshold is reached, the circuit will open and because the antenna is no longer closed, the signal
should not be able to effectively propagate to the RFID chip of the tag or back to the reader. In
both cases, the high-temperature tag will always read and will indicated the pipe’s locations and

limit false positives.

Crucible / 25 mm x 25 mm RFID Tag

Ty ’ 1
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400 mm /

r Brass Ro\d\
143

L1 [
Trigger Material Fixed Hinge
Pin
(a) Front View
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<
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(b) Side View
Figure 4.3: Model 1 Design: (a) Front View, (b) Side View
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To ensure that the system layout would only trigger due to the change in the trigger
material as intended, the displacement of each rod was calculated considering the dimensions,
self-weight, and material properties under heat. The material properties of the rods, including the
self-weight (W), the modulus of elasticity at room temperature (E;) the moment of elasticity at
194°C (E;94), and the moment of inertia (I). The moment of inertia depends on the shape of the
rod; a hollow rectangular rod was used for M1. The outer width (w,) and height (h;) and inner

width (w,) and height (h,) of the hollow rod was used to find the moment of inertia as

wq *hi — Wy *hg
12

I = 4-1
The deflection of the fixed rod can be approximated using the self-weight, length, modulus of

elasticity, and moment of inertia as.

W*L‘}c

= 4-2
8xE*]

dg
where Lr is the length of the fixed rod. The deflection of the pinned rod is dependent on the
change in height of the trigger material. The height of the pinned support (H,) will limit the
deflection that the pinned rod can undergo. Using similar triangles, the deflection of the pinned
rod due to the difference in height between the pinned support and the height of the trigger
material can be calculated. The distance horizontally from the pinned support to the center of the
support and the vertical difference in height will serve as the first triangle. The unknown vertical

displacement of the pinned rod, d,, is

d, = Ly *sin (tan_1 (%)) 4-3
where Ly, is the length of the pinned rod, d is the difference in height between the pinned support

and the trigger material and x is the horizontal distance from the pinned support to the center of

the trigger material. The displacement of the pinned rod should be greater than the displacement
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of the fixed rod to fully break the circuit. Making the fixed rod short, around 20 mm, will limit
the vertical displacement, and placing the height of the fixed and pinned rod above the

displacement range of the fixed rod will ensure the circuit breaks as intended.

Model 2 is a simpler version of M1; the design is shown below in Figure 4.4. Instead of
using wires, rods, and hinges, M2 just uses the trigger material to compress a metal plate and
complete the circuit. The cut in the RFID antenna is on the side and a brass plate is placed over
the cut to close the antenna. The use of a plate means that once the plate is removed only the tag
antenna with the cut is left, ensuring that the Molex tag will not read effectively. The trigger
material will be used to keep the plate pressed against the tag, which will be placed at the top of
the box. The trigger material is epoxied to the plate, and when the trigger material melts, the plate

will fall away from the antenna, breaking the circuit.
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Figure 4.4: Model 2 Design: (a) Front View, (b) Side View.

The key advantage of M2 over M1 is the simplicity in design, which improved reliability
and makes it easier to set up and replace. If the hinges in M1 are not properly secured, the
connection could fail and the leftover residue from the epoxy makes it difficult to reuse the
crucible later. Epoxy can prevent the hinge from moving properly if not applied well, which can
prevent the system from working as intended. Finally, M1 has more moving parts, which have

more potential for failure, while M2 is very easy to set up and change if necessary.

Both models utilize a trigger material to open the antenna. The trigger material was
chosen by comparing various materials’ melting points, cost, and the threshold temperature for
each system. PVC, Nylon-12, and HDPE plastic have melting points of 170 — 210°C, 190 —

200°C, and 210 — 270°C, respectively. The dimensional changes of each material at the threshold
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helped determine how to set up M1 to ensure the system triggers at the correct time. Changes in
the height of the trigger material dictate how far the pinned rod in M1 would drop, so two heights
were proposed for the PVC and HDPE, ~5 mm and ~15 mm. Each trigger material was cut into
small pieces and their height, width, and thickness were recorded. The PVC tested was small
portions of PVC pipe, which have a maximum working temperature of 60°C (140°F) (“1/2 in. x
24 in. PVC Sch. 40 Pipe,”. Home Depot). A maximum working temperature of 82.2°C (180°F) is
given for the HDPE pipes (“Marine-Grade Moisture-Resistance Polyethylene (HDPE) Sheets and
Bars,” McMaster-Carr). The Nylon—12 has a maximum working temperature of 93.3°C (200°F)

(“Long-Lasting Cable Ties,” McMaster-Carr).

Once each piece was measured it was placed upright inside the alumina crucible, as
shown below in Figure 4.5, and a lid was placed on top to replicate the environment the material
would experience in the sensor system. The crucible was placed in the oven at room temperature,
and the oven was set to heat up to the threshold temperature and hold that temperature for 5, 10,
20, and 30 minutes. Once the time was met, the heater was turned off, and the crucible was
removed from the oven. The pieces were allowed to cool and were then measured, and the
average of each measurement was recorded. The differences in height before and after heating is
shown below in Figure 4.6 as a percentage with the maximum and minimum changes shown.
Each material was tested 3 times per height for 5, 10, 20, and 30 minutes, resulting in 12 tests

total for HDPE and PVC each at ~5mm and ~15mm.
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Figure 4.5: Trigger Material Oven Set-up Without Crucible Lid
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Figure 4.6: Average Height Change for PVC and HDPE

The change in height for PVC is more predictable than that of HDPE and tracks the
duration of heating, but the HDPE material height does change more significantly with heating.
The large error bars could be due to using two different ovens that may have slightly different
heat fluxes, the time each specimen sat in the oven could have varied slightly between tests due to

human error, or the lid was not secured well, and the heat transfer into the crucible was faster.

Nylon—12 zip ties were used as test specimens due to their small melting point range.
However, because of the limited thickness of the specimens, all the Nylon—12 samples did melt

to the bottom of the crucible after heating, as seen below in Figure 4.7. If the time of threshold
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time is determined to be very short, Nylon—12 may be a good alternative to PVC and HDPE.

Oven tests have not been conducted to look at dimensional changes of thicker Nylon 12 samples.

/

(a) Before Heating (b) After Heating

Figure 4.7: Nylon 12: (a) Before Heating, (b) After Heating
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Chapter 5. Sensor Testing and Results

Two different testing methodologies were used to evaluate the proposed sensor models:
benchtop testing and testing in a more realistic environment. Benchtop testing includes oven tests
and hot plate tests. A soil box was used to perform tests in a more realistic environment. The goal
of all these tests is to find how the sensors perform under varying environments and propose

improvements.

The main set of tests performed were oven-based benchtop tests to establish the
soundness of the approach. The soil box and hot plate tests were conducted to place the sensors in
a more realistic environment and expose them to their designed threshold temperature to see if
they work as intended. The oven and hot plate tests were performed at the University of
Minnesota Twin Cities, while the soil box tests were performed at Oregon State University. The
soil box and hot plate tests are similar, with the hot plate tests being a smaller version of the soil

box tests, which could be done at a benchtop scale with less overall effort.

For example, to determine if a circuit could be added to an existing RFID tag antenna,
cuts would be made to the antenna while the RFID reader is sending signals. A small section of
the tag antenna would be removed, as shown in Figure 5.1, and the signal would stop
propagating. The conductive material, such as copper wire, would be placed at both ends of the
cut to determine if the signal could read. These tests were just to confirm the theory that a circuit
could be added directly into the antenna and that the opening and closing of the circuit would

cause the tag to function as desired.
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Figure 5.1: Cut RFID Molex Antenna

5.1 Oven Tests

Oven tests provided a controlled environment in which to establish a baseline for the
sensors. After the sensors were completely built, the tags were read to note what the identification
number of the RFID tags for the test. The circuit was either opened for M1 or removed for M2 to
determine if the Molex tag is working as intended before starting the test. Once there was
confirmation that both tags work, the lid was added, and high-temperature tape was used to seal
the system. The sensors were placed in the oven at room temperature to best replicate the
environment before a wildfire event, and the oven was set to heat up to the threshold temperature
based on the trigger material used. The threshold temperature was held for 30 minutes, and the
sensor is removed from the oven once the oven has cooled back down to room temperature. The
reader was set to run, and it was noted which of the two RFID tags is reading was noted. If M1

was being tested, the sensor was be left and would be read again in 24 hours.

After the tests were done, the lid was removed, and the internal working of the system
viewed. If the Molex RFID tag was read after testing, seeing the circuit after heating can give
hints as to why the system didn’t work. The pre- and post-heating for M1 and M2 for the oven

tests are shown in Figure 5.2 and Figure 5.3, respectively.
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(a) M1 Pre-heating (b) M1 Post-heating

Figure 5.2: Pre and Post Oven test for M1: (a) M1 Pre-heating, (b) M1 Post-heating

P

(a) M2 pre-heating (b) M2 post-heating

Figure 5.3: Pre and Post Heating for M2: (a) M2 Pre-heating, (b) M2 Post-heating

Three oven tests were conducted for M1, referred to as M1o1 through M103, where the
‘0’ in the naming convention indicated the type of test. The setup prior to heating for each is
shown in Figure 5.4. Mlol just had the Molex tag connected to the circuit by the wires only,
there was no support to keep the tag in place. M102 used the same circuit system and tags as
M1lol but a piece of tape was used to hold the Molex tag against the lid to ensure that the trigger
material was the only reason the Molex tag would not read. M103 used a new set up, which better
reflected the angles at which the hinges would fall on their own. The trigger material was cut and

placed in a way to support the rod at the point of free fall.
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(a) Mlol (b) M102

(c) M1o3

Figure 5.4: M1 Oven Test Setups Prior to Heating: (a) M1ol, (b) M102, (c) M103

After the oven test, Mlol was the only setup that properly trigger - only the high-
temperature tag was reading. However, when looking inside the box, the Molex tag disconnected
from the circuit sometime during the heating process, which lead to the Molex tag not reading.
Although this sensor did have the wanted results, it did not work as intended and there was no
way to tell when the tag disconnected from the circuit during these tests. M202 after heating saw
both tags being read; the system was left for 24 hours to let the system cool fully, and both tags
were still reading. After looking inside, the box, the trigger material did burn and shrink as
designed, but the pinned rod was still horizontal. M103 had the same result, the Molex tag was
still being read. In this case, the trigger material did shrink, and the bars did separate, but they did
not separate enough to stop the signal from reaching the RFID chip. The results for each setup are

shown in Figure 4.6.
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(a) Milol Oven Results

(c) M10o3 Oven Results

Figure 5.5: M1 Oven Test Results: (a) Mlol, (b) M102, (c) M103

For both M1ol and M102, the hinges have a limited rotational range. There may be two
main causes for this: 1) Epoxy was used to adhere the hinge to the wall of the crucible. If any
epoxy gets into the barrels, the hinge can be made useless and permanently fixed at the angle the
hinge was at when the epoxy dried. 2) The heat could be unevenly expanding parts of the hinge,
which would hinder rotation as well. Even in M 103, there was only a limited amount of rotation,

even though the trigger material is out of the way of the pinned rod.

Oven tests for M2 were conducted for both PVC (M20oP1 and M20P2) and HDPE
triggers (M2oH1, M20oH2). For the PVC tests, different crucibles with different tags were used.
For M20P1, the conductive plate was epoxied to the trigger material, while M20P2 just used
pressure from the trigger material to keep the conductive plate in place. The sensing systems,
M20P1, and M20P2, prior to heating are shown in Figure 5.6. The HDPE test setups were similar.

Each test was conducted with different crucibles and materials; however, no epoxy was used
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between the trigger material and conductive plate. The setup for M2oH1 and M20oH2 is shown in
Figure 5 8. M2oH1 did use the same crucible as M2oP2 and the same Molex tag; if the Molex tag

survived a test, it is usable for another.

(a) M20oP1 (b) M20oP2

Figure 5.6: M2 Oven Test Set-up: (a) M20oP1, (b) M2oP2

(a)  M2oHI (b) M20H2

Figure 5.7: M2 HDPE Oven Test Set-up: (a) M2oH]1, (b) M20oH2

After heating the Molex tag did not read for either M2oP1 or M2oP2. Both trigger
materials worked as intended, the main difference being how the plate was affected. The trigger
material for M2oP1 did pull the conductive plate down, making the Molex tag inoperative as
designed. For M20oP2 the conductive plate was stuck to the adhesive side of the Molex and just
bent the Molex tag in a way to make it inoperative. The results from the oven test for M2 are

shown in Figure 5.8.

32



- -
-' . by
L . K 3
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Figure 5.8: M2 Oven Results: (a) M20oP1 results, (b) M20oP2 results

Both HDPE tests for M2 supplied the same results: the high-temperature tag was the only
one that was reading post—heating. When HDPE starts to melt, the material becomes very
adhesive which caused the conductive plate to stick to the trigger material instead of the tag
without epoxy and the conductive plate was separated from the tag antenna, as shown in Figure

5.9.

(a) M2oH1 (b) M2oH1

Figure 5.9: M2 HDPE Oven Test Results: (a) M2oH1, (b) M2oH2

While the tackiness of the HDPE when exposed to high temperatures can be
advantageous, in M2oH1, the trigger material got stuck to the back of the crucible, making the
system hard to reuse. This did not happen in M2oH2, however. When cutting the trigger material,
it may be helpful to cut a thinner piece and place the piece, so it does not touch the back or front
of the crucible, to aid with reusability. Alternatively, the crucible can be placed back in the oven

to reheat the material, and before the material has cooled, carefully remove the piece to reuse the
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system. It may also be helpful to place a small amount of epoxy on the conductive plate to ensure

that the trigger material and plate move together.

Overall, M2 is much simpler than M1, but with the downside that once the trigger
material melts, the Molex tag will stop reading, and the system could trigger too early. However,
M2 is much more consistent with triggering at or around the threshold than M1. M20oP2 does
show that if the conductive plate is not epoxied to the trigger material, the plate can stick to the
adhesive of the Molex tag. Finally, the trigger material does need to be cut with more precision
for M2, if it’s too short and epoxy is used, the plate may not have enough pressure to complete

the RFID antenna tag.

5.2 Soil Box Tests

Soil box tests were aimed to create a more realistic environment that mimics what the
sensors might experience. The soil box will supply one direction heat flow for the sensors, which
better represents the heat the sensors will experience during a wildfire. These tests were
performed at Oregon State University. The soil box was made using a deep rounded steel trough
with fiberglass insulation placed against the inside of the trough. Soil from outside the lab in
Corvallis, Oregon State University was used to fill the soil box. A few inches of soil were placed
and compacted before the PVC or HDPE pipe samples were placed inside. The identification
number of the tags used was recorded and their placement was noted. The sensors are placed on
top or the side of the pipe samples, as seen in Figure 5.10, and two additional lifts of soil were
placed and compacted over the pipes and sensors. Ceramic rods were placed near each pipe with
thermocouples at 2-inch increments to monitor the heat change the soil experiences. Once the soil
was fully compact, the RFID reader was turned on to ensure that all the RFID tags were still

readable. A rack with two square heaters (referred to as North and South) were then placed over
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the soil box, and the heaters were lowered so they were on top of the soil, and any open space was
filled with fiberglass insulation to limit any heat from escaping. The same base setup was used for
both PVC and HDPE testing; the pipe samples were changed, and the critical temperature was
adjusted to correspond to the threshold found for each pipe. The heaters were designed to heat the
soil until the temperature at the depth of the pipes equals the threshold and then the heaters held
that temperature for 30 minutes. Once the heating was complete, the heaters were turned off and
the soil box was left overnight to cool. In the morning the sensors were read to determine if the
threshold sensor had triggered, and then the soil above the pipe and sensor were removed to

check the status of the pipes and sensors.

(a) M1sbP Test (b) M2sbH Test

Figure 5.10: M1 Soil box set-up (a) M1sbP test, (b) M1sbH 1-7 test

Currently, only M1 with PVC and HDPE has been tested with the soil box. For the PVC
tests, two sensors were deployed, M1sbP1 and M1sbP2. Both sensors used PVC as a trigger
material, but each used a different wire to connect to the circuit. The sensor under the North

heater, M1sbP1, used 20-gauge solid copper wire, while the sensor under the South heater,
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M1sbP2 as shown in Figure 5.11, used 24-gauge threaded wire. These sensors were placed on top

of the pipe samples and secured with high-temperature tape as shown in Figure 5.10 (a).

Figure 5.11: Set-up for Soil Bix Testing

During testing for M1sbP, the South heater was not emitting the amount of heat
necessary to heat the South pipe to the threshold temperature, but the North heater was. As a
result, the South sensor, M1sbP2, was assumed to still have both RFID tags reading, while the
North sensor, M1sbP1 would only have the high-temperature tag reading. After testing, however,
all four tags were still reading. While digging up the soil, the North sensor was damaged and the
soil got into the box as shown in Figure 5.12 (a), so the failure to trigger is not clear. The trigger
material for the north sensor worked as intended, but the pinned rod did not fall, leaving the
circuit closed. The wires connected to the Molex tag for the North sensor, M1sbP1 disconnected
from the Molex tag, but it was not clear if this happened before or after the crucible was
damaged. The South sensor, M1sbP2, looked completely intact after testing. The trigger material
did not shrink as seen in Figure 5.12 (b), so the temperature reached the South heater was likely

not close to the threshold temperature.
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(a) M1sbP1 (b) M1sbP2

Figure 5.12: M1 PVC Soil Box Test Results: (a) M1spP1, (b) M1sbP2

For M1sbP1, the thicker wires could have held the pinned rod in place. They were not
very flexible, and in some instances, closing the lid caused the epoxy to fail and the hinge to
break off from the wall. The hinges were stiff and did not have much rotational capacity after
heating; Similar to the oven tests, it is possible that epoxy got into the rotational cuff of the hinge,
or that the heat caused the hinge to expand in a way that damaged the rotational cuff. M1sbP2
displayed that the trigger material does work in the intended range and that the sensor will not

trigger prematurely.

The HDPE tests used three sensors using the M1 design, M1sbH1, M1sbH2, and
M1sbP3, as shown in Figure 5.13. M1sbH1 re-used the M1sbP2 crucible, just replacing the PVC
trigger material with an HDPE trigger material. M1sbH2 used solid, 20-gauge copper wire to
determine if the threaded or solid wire made a difference in the performance of the sensor when
using HDPE as the trigger material. M 1sbP3 also used solid, 20-gauge copper wire, except used
PVC as a trigger material, to see if a larger change in height would allow the pined rod to fall
further and confirm the trigger was effective when subjected to a higher temperature. The North
pipe had M1sbH1 taped on top of the pipe, while the South pipe had M1sbH2 and M 1sbP3 placed

alongside the South pipe as shown above in Figure 5.10 (b).
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(c) M1sbP3

Figure 5.13: M1 Sensors for HDPE Soil Box Tests Set-up: (a) M1sbH1, (b) M1sbH2, (c)
M1sbP3

During testing, one of the thermocouples was not working properly and was reading
much higher temperatures at the depth of the pipe sample than the thermocouples at the height of
the heaters. To be conservative, the lowest temperature at the depth of the pipe was used to track
the temperature at the pipes. After the soil was allowed to cool, only 1 high-temperature tag was
reading and none of the Molex tags were reading. The high-temperature tags being unable to read
was unexpected as they are designed to withstand temperatures greater than 250°C. Upon looking
inside the crucible, all the trigger materials were melted to the bottom. The pinned rod to
M1sbH1, as seen in

Figure 5.14 (a), did fall as intended, but the fixed rod connection failed as well. This
seemed to happen for all three sensors, which is why the Molex tag read for none of them; in

general, the circuit failed, and the Molex tag and brass rods were burnt. Additionally, the wire
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casings for all three sensors failed and left the wire exposed. The high-temperature tag casing has
been slightly damaged in M1sbH1 and M1sbP3, as seen in

Figure 5.14 (b) and (¢).

(c ) M1sbP3

Figure 5.14: M1 HDPE Soil Box Test Results: (a) M1sbH1, (b) M1sbH2, (c) M1sbP3

Overall, the unexpected failures of the sensor system were likely due to the excess heat.
In particular, the high-temperature tag casing failure could be due to excess heat, or the casings
could have also failed due to proximity to the exposed wire and heated bars. A potential reason
for the trigger materials melting as they did could be the residual heat from the soil; soil is a good
insulator and will take longer than cool than air, so the additional time exposed to the high
temperatures after the tests could be the cause. For future tests with M1, a wire with a high-
temperature casing should be used to protect the wires and the materials around the wires. The
epoxy used may need to be re-considered for epoxy with a higher temperature range, to ensure

that the connections don’t fail. Another material for the rods could be considered to prevent them
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from heating the surrounding components. Finally, spacing the circuit, wires, and high-

temperature tag from each other could help prevent of the failure of the high-temperature casing.

5.3 Hot Plate Tests

Hot plate tests allowed for small-scale testing in a realistic environment, similar to the soil
box. Heat coming to the sensor from one direction as well as the retained heat of the soil better
represents how the sensor will experience heating during a wildfire event, in comparison to oven
tests. The hot plate tests were performed at the University of Minnesota and were intended to
function as a smaller and easier to conduct soil box test. A steel bowl was placed on a hot plate
and 1 inch of compacted soil was placed in the bottom of a steel bowl (Figure 5.15(a)). Three
thermocouples were used to track the temperature of the setup; one was placed inside the crucible
with the sensing system, another was placed at the bottom of the crucible and a third was fixed to
the top of the crucible. A visual temperature indicator was placed on the lid of the crucible, as
shown in Figure 5.15 (b). These visual indicators will turn black once the indicator reaches
199°C. The crucible was set inside the bowl on top of the soil and two lifts of soil were added on

top, compacting each lift as they occur. The process is shown in Figure 5.15.

Temperatures were recorded every 0.5 seconds until either the threshold temperature was
held for 30 minutes or the sensor triggers, whichever happened last. The sensor was read
periodically to track at what temperatures and time the sensor triggered. After both the threshold
was reached and the Molex tag was unreadable, the hot plate was turned off and was left to cool.
Once the system was cooled, the sensor was read again, and the soil was removed to evaluate the
sensor system. These tests are only performed using M2, as the system had been the most
consistent and dependable of the two designs. Soil moisture was measured for each test with the

soil being predominantly silty clay (
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Table 5-1). The soil moisture was captured to determine how moisture affected the heating

of the system and to compare the heating of the hot plate to the heating of the soil box.

Table 5-1: Soil Moisture Content

Test Moisture Content (%)
M2hpP1 29.84
M2hpP2 24.5
M2hpH]1 21.58
M2hpH?2 31.12
M2hpH3 29.07

b SRV oy

(a) 1” Compacted soil (b) Sensor Placement (c) Fully compacted system

Figure 5.15: Hot Plate Test Set-up: (a) 1” Compacted Soil, (b) Sensor Placement, (c)
Fully Compacted System

Five tests were conducted using the hot plate, two with PVC (M2hpP1 and M2hpP2) and

three with HDPE (M2hpH1, M2hpH2, and M2hpH3). Two thermocouples were used for
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M1hpPl, one inside and the other at the bottom of the crucible. All other hot plate tests used the
three thermocouples. The thermocouple at the bottom of the crucible was used to track the trigger
temperature, 194°C and 250°C, respectively. The Molex tag and conductive plate were changed
out between tests to ensure that the repeated heating of the system wouldn’t negatively impact the
test results. For both PVC tests, the trigger material and conductive plate were epoxied together,
to ensure the two moved together. The setup for each PVC test is shown below in Figure 5.16.

The setup for the HDPE hot plate tests in shown in Figure 5.17.

.. TR
- w *

(a) M2hpP1 (b) M2hpP2

Figure 5.16: Hot Plate Test Set-ups: (a) M2hpP1, (b) M2hpP2

ra

(a) M2hpH1

(c) M2hpH3
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Figure 5.17: HDPE Hot Plate Test Set-up: (a) M2hpH1, (b) M2hpH2, (c) M2hpH3

During testing for M2hpP2, the thermocouple inside and on top of the crucible
occasionally read values significantly different from the thermocouple on the bottom of the
crucible. The top thermocouple showed these erroneous results more often than the thermocouple
on the inside of the crucible. To account for this, the bottom thermocouple was used to monitor
the heat in the system. Similar to M2hpP2, a few of the thermocouples for the HDPE tests were
reading values that deviated from the other thermocouples. In particular, the thermocouple on top
of the crucible for M2hpH1 and M2hpH3 had the most variation. These errors happened at
regular intervals but would eventually go back to values that more accurately reflected what the
other thermocouples were reading. Due to this, the threshold for the HDPE may only have been

reached at the bottom of the crucible with limited heat transfer through the height of the soil.

After the PVC systems cooled, the trigger was effective and the M1hpP1 Molex tag did
not read, while the M2hpP2 system did not trigger; All the high-temperature tags were still
working. The physical results from PVC-based sensor system tests are shown in Figure 5.18. The
trigger material for each test did melt as designed, however, as shown in Figure 5.18 (b), the

conductive plate was still connected to the Molex tag instead of the trigger material.

(a) M1hpP1 result (b) M1hpP2 result

Figure 5.18: Hot Plate Test Results: (a) M1hpP1, (b) M1hpP
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For the HDPE-based sensor tests, all three of the Molex tags were not reading by the time
the test concluded. However, after cooling the Molex tag read for both M2hpH1 and M2hpH3. As
shown in Figure 5.19, the conductive plate was still attached to the Molex tag in M2hpH1 and

M2hpH3, which contributes to the Molex tag still reading.

(c) M2hpH3 result

Figure 5.19: HDPE Hot Plate Test Results: (a) M2hpH1, (b) M2hpH2, (¢) M2hpH3

Ensuring that the connection between the trigger material and conductive plate is fully
formed before heating may help ensure the conductive plate moved with the trigger material in
future tests. Additionally, using the thermocouple on the bottom of the crucible to monitor the

temperature of the system does not accurately represent the temperature that the crucible is
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exposed to around the system. For M1hpP1 and M1hpP2 tests, the visual indicators (Figure 5.20)
did not trigger, as was expected, because the temperatures for these tests should be below 199°C,
while the HDPE tests should trigger the visual indicator. From Figure 5.20 (c), the visual
indicator did not trigger, indicating that the M2hpH1 sensor only experienced the threshold
temperature from the bottom of the crucible to somewhere below the location of the indicator tag.
Additionally, the heat being released from the system could affect the signal being sent and
received from the RFID antenna, which could lead to false negative results from the sensors
during testing. This could be why all the Molex tags weren’t reading at the end of the HDPE hot
plate tests, but the Molex tag for M2hpH1 and M2hpH3 were still readable once the system

cooled.

(c) M2hpH1 (b) M2hpH2 (e) M1hpH3

Figure 5.20: Visual Indicator Results: (a) M1hpP1, (b) M1hpP2, (c) M1hpH]1, (d)
M1hpH2, (e) M1hpH3

The long-term reliability of the sensors has not been monitored but should be considered

going forward. Currently, brass is being used for the conductive plate, however, it will be

important to test the material for long-term use, as the humidity may cause issues. From the oven
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tests, design M2 seems more reliable than design M1, however, due to the location of the cut in
the antenna tag, the read range of the Molex in M2 is much shorter than the read range of M1.

This limited read range could cause issues if the sensors need to be placed deeper in the soil.

In summary, all three tests performed on the sensor systems have merit. The soil box and
hot plate tests allowed the sensors to be exposed to an environment closer to an actual wildfire,
while the oven tests allow testing the system in a controlled environment. While in the oven, the
heat is known throughout the system and can be controlled easily, while the soil box and hot plate

tests will expose the sensors to residual heat, which is something the oven won’t replicate as well.
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Chapter 6. Conclusion

Wildfires can have a devastating impact on communities, and of particular interest is the
potential for contamination the water supply in WUI regions. These contaminations occur in
polymer-based pipelines, specifically PVC and HDPE systems. Developing a sensor system that
can easily detect if a pipe or section of pipes needs to be tested for VOCs and possibly replaced
will aid recovery of affected communities. A passive RFID sensing system has been developed
using off-the-shelf components as a cost-effective solution that should last communities for years
to come. A passive RFID tag is integrated with a temperature-triggered circuit whose readability
is dependent on the threshold being met. The other tag is a high-temperature ceramic encased
RFID tag, which indicated the pipe being read and limits the likelihood of false positives. A
trigger material is used as a temperature threshold sensor, where the material is chosen based on
the pipeline being monitored: for a PVC pipeline, PVC will be used as the trigger material, and
HDPE will be used as its trigger. After a wildfire event, communities which have implemented
this system will be able to place a reader over a general cluster of pipelines. If only the high-
temperature tag is being read, or only the high-temperature ID is showing for a particular pipe,

future inspection of the pipe should be considered.

Two models were designed and tested using both benchtop and more realistic testing
environments. Model 2, which has a simpler trigger circuit, is the most efficient, consistent, and
cost-effective of the two. Outside of the two designs. Future work on Model 2, should consider
the impact of the design on the buried sensor read range and how long-term environmental

exposure might inform material selections.
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