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ABSTRACT

Energy exchange in the fire environment is highly influenced by the heterogeneous and dynamic coupling between the
atmosphere, fire, and fuels. While it has long been known that radiation and convection are the dominant heat transfer
mechanisms in wildfire spread, much is unknown about their relative contribution. This is largely due to significant challenges
observing these processes in the extreme wildfire environment. We describe a low cost, easy to deploy, simple heat transfer
sensor and associated model, which was developed to measure heat transfer in wildfire. The sensor consists of stainless steel
thermocouple probes differing in emissivity and similar in geometry and size to fine fuel elements responsible for carrying fire.
Field and laboratory tests indicate that stainless steel probes with 3.2 mm and 1.6 mm diameters alone are not able to resolve
the highly-dynamic heat transfer ahead of the fire. However, coupling the probes with a fine-wire thermocouple significantly
improves its sensitivity. Results presented here indicate that the sensor and model are capable of measuring physically
realistic convective and radiative heat transfer in high-intensity crown fire and simple laboratory scenarios when compared
to observations in literature. Some limitations are identified for future investigation and additional testing and validation are
required.

Introduction

Wildfire prediction and mitigation requires a comprehensive understanding of the driving processes that occur during wildfire,
by which fuel elements ahead of the fire are heated, dried, and eventually combust. The rate of heat transfer between the fire
front and the unburned fuel determines not only the ability of the fire to ignite and spread, but also the intensity of the fire!.
In order to model wildfire behaviour, a thorough understanding of the driving mechanisms is required for development and
corrections®™. This involves direct measurements of energy transfer in wildfire®, not only of the total energy transfer, but also
of the individual components contributing to the total heat flux.

Heat transfer in wildfire occurs through conduction, convection, and radiation. Conduction, which can broadly be described
as the transfer of kinetic energy by the collision of molecules, is most dominant within a solid or between solid fuel elements
that are in contact with each other. The importance of conduction grows with the size of solid fuel elements or with the density
of litter layers. Convection can be described as the transfer of heat through the bulk movement of a fluid. In the context of
heat transfer to fuels in wildland fire, convection refers to the transfer of energy between a fluid and a solid which captures the
effects of fluid motion in inducing a temperature gradient at the solid surface. This process makes convection more efficient
than simple molecular conduction between the solid and the fluid. In the case of wildfire fuels, convection plays an important
role as heated air warms cooler fuel elements in front of a fire, while ambient air is entrained over hotter fuel elements cooling
them behind the fire. Convective heat transfer is heavily influenced by the magnitude of air velocity and its direction relative to
the fire. Radiative heat transfer is the transfer of energy through electromagnetic radiation, which does not require a medium
to carry energy. The magnitude of radiative heat transfer is a function of the temperature of emitting body. See Refs’™ for a
comprehensive description of these processes.

It has long been known that the dominant heat transfer mechanisms in wildfire propagation are radiation and convection
due to the dominant role of fine fuels in spread phenomena'- ', However, much is unknown about the relative contribution of
convection and radiation due to difficulty of measuring their effects separately® !!, particularly in wildfire fire scenarios. In
recent years research has shown that convective heating, including that occurring in instances of direct contact by flame, is the
most significant contributor for fire spread in fine fuels. Numerical simulations'>'? and laboratory observations'*"!7 suggest
that in uniform fuel beds, preheating of the fine fuels by radiation is offset by convective cooling. Furthermore, ignition of
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the particles occurs only when the fuel is exposed to hot gases, including direct flame immersion or intermittent convective
bursts related to buoyancy-induced instabilities. These exposures to hot gases momentarily eliminate the convective cooling
and replaces it with strong convective heating that compounds the radiative heating!® '8-2. Many laboratory studies have
examined the relative role of these processes'>!7-21=23; however, laboratory scale experiments are not always scalable to a
wildfire environment?®. Challenges in observing and documenting these processes in the field are numerous as instruments
must withstand extreme temperatures, be self contained and portable, and be cost effective due to the high possibility of
destruction® 127 As such, there are few field studies conducted to directly measure both modes of heat transfer during
prescribed fire or wildfire' - 142831 The lack of field data not only limits our understanding of the roles of convection and
radiation in a natural environment, but it also hinders our ability to validate wildfire behavior models that attempt to predict these
critical processes”. Radiometers in the long-wave infrared, or thermal, spectrum are commonly utilized in field experiments
to measure incident radiations. These systems typically consist of a bolometer or thermopile which is often located behind
an external sapphire window to limit the influence of convective heating in measurements® 233234 Measurements of fire
radiation may be in-fire, or else on a fixed or overhead platform such as a tower or aircraft>>=7. While radiation is relatively
simple to measure, both observing and describing convective heat transfer is particularly challenging. First, it cannot be broadly
described for a fire as it is very heterogeneous and it depends on the shape and size of fuel elements as well as air flow patterns
in their immediate vicinity®®°. Convective heat transfer patterns are also extremely dynamic as the temporal scale of local
velocity and temperature fluctuations are significantly less than 1 second. Moreover, they are determined by unsteady feedbacks
between the evolving fire and surrounding atmosphere.

Given the difficulty in quantifying local velocity and temperature fluctuations for individual fuel elements, the majority of
studies have examined the role of convection in a laboratory setting®23-31-3% or have employed combinations of total and radiant
heat flux sensors or flat-plate thermometers to estimate convective heat transfer in wildfires. These sensors are well suited to
withstand high-intensity wildland fires?®3%-3%40 a5 well as compartment fires or furnaces*'*#>. However, the geometry of
these sensors—typically circular or square flat plates—is not representative of wildland fuel elements. Sensor geometry has a
significant impact on heat transfer due to the formation of both velocity and thermal boundary layers along the fluid—sensor
interface, which differ substantially between flow over flat plates and over cylinders or spheres. In natural settings, ignition
and fire spread result from heat transfer to wildland fuels such as smali twigs, needles, dry mosses, and dead grass, which are
roughly cylindrical in shape. As a result, heat transfer estimates from previous work, particularly for convective heat transfer,
may not accurately reflect the processes occurring in fuels that sustain and spread fire. Other studies have acknowledged the
importance of geometry in heat transfer by employing sensor shapes that mimic vegetative structures, such as buds*3.

In an effort to develop easily deployable instruments that can tolerate extreme environments in wildfire, the United States
Department of Agriculture’s Forest Service developed a Fire Behavior Package and a Heat Transfer Package in their Missoula
Fire Lab. The Fire Behavior Package!®** contains two flow sensors, one oriented vertically and one oriented horizontally,
measuring wind with up to 50-60° in different directions. It also contains a thermocouple, a narrow angle radiometer, and
heat flux sensor to capture wide angle radiation and total heat flux. The combination of these sensors allows for determining
convective and radiation components of heating to items with geometries of these instruments. The Heat Transfer Package®’ was
developed to improve the observation capability of the system with respect to wind directionality and temporal sampling by
employing disk anemometers. However, these packages are complex and require sophisticated electronics and construction.

In this work, we describe a simple wildfire Fuel Heat Transfer Sensor®’ designed for measuring in-fire radiation and
convection induced heat transfer along with preliminary measurements. We note that this is not a thorough validation of the
sensor, but a demonstration of proof of concept and a comparison to data observed in similar fires. The sensor requires rigorous
testing across the entire range of fire intensity observed in wildfires, which we leave for future work.

Methods

The following section describes the theory behind our wildfire Heat Transfer Sensor, the physical description of the sensors,
and the experiments designed to test their performance.

Theory

The thermal energy change in wildland fuels, before the arrival of flames and initiation of the combustion process, is largely
influenced by radiative and convective heating and cooling, as well as conduction (or thermal diffusion) within thick fuels or
between smaller fuel elements. This evolution is described by Equation 1, where the left hand side describes time-rate-of-change
in internal energy of the fuel, and terms on the right hand side (from left to right) represent radiative heating, radiative cooling,
convective heat transfer, and thermal diffusion:

8c,,me,c A 4 d 8Tf
—————=F—&r—A T +hA (Toir — T, — |Kk=|. 1
o1 7 Ao T +hA (T =Tp) + 50 |k 50 M
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Here, Ty, cp, and my are temperature, specific heat capacity and mass of the fuel element, respectively, while 7 is time, E is the
A

incident radiation flux to the fuel element, A is surface area, = is surface area exposed to incident radiation if we assume the fire
front approaches the probe from one direction, €/ is emissivity, o is the Stefan-Boltzmann constant, 4 is the convective heat
transfer coefficient, 7, is air temperature, x; represents the spatial direction, and k is thermal diffusivity for the fuel element. In
this energy balance, we assume a cylindrical fuel element with emissive energy loss and convective energy exchange occurring
over the entire integrated surface. However, in a likely scenario, a fire front approaches a fuel element from one direction,
which is the projected area, or %. Following Kirchhoff’s Law, we assume that &7 is the same in both radiation gain and loss
terms, such that absorptivity is equal to emissivity. Here we assume the probe is in thermal equilibrium with its surroundings.

Ignition typically occurs in smaller fuel elements first, as moisture is easier to drive off and a given heat flux raises the
temperature of the thinner elements faster than thicker elements. Moreover, larger fuels have more thermal mass, which moves
energy away from the surface by conduction. Since we are primarily interested in fast burning fuels that carry the flame front,
rather than thermally-thick fuels that tend to ignite slowly and have lower heat release rates per-unit-mass, we consider Equation
1 only for thermally thin fuels, where thermal gradients are not sustained. Thus, we apply a small Biot number approximation
(the dimensionless number relating the internal resistance to conduction to the external or surface, resistance to convection)

allowing us to neglect the thermal diffusion term on the right had side of Equation 1 and arrive at

dc meTy A 4
— 5 = _Eer— oA T} +hA (Tur = Ty) - ?

As aresult, we have an equation for time rate of change of the internal energy of fine fuel element (or a surrogate object like
thin wire for example) as a function of only radiation and convection. Given a fuel element with a known mass, specific heat
capacity, surface area, emissivity, and a measured temperature, the only unknown terms in the above equation are incident
radiation, the convective heat transfer coefficient, and air temperature. If we can simultaneously measure temperature in three
elements with different emissivities situated close enough to each other that they aie ali exposed to the same local conditions,
we can derive a system of equations using Equation 2 to solve for the unknown radiative and convective heat transfer of the
system. Furthermore, if we can measure the local air temperature, only two fuel elements are required.

Following the design outlined in the Forest Fire Fuel Heat Transfer Sensor patent*>, we describe several possible configura-
tions of a sensor that consists of thermocouple probes with different, but known, emissivities. The purpose of the proposed
sensor is to measure incident radiation and convective heat transfer to fine fuels in wildfire applications using a robust, cost
effective, and easy to deploy system.

Sensor Description: 3-Probes
The sensor consists of three stainless steel thermocouples probes* that act as surrogates for fine fuels (with similar geometry,
and thus, convective heat transfer coefficient), which are convenient for measurement purposes. Each probe has a different
surface treatment and thus a different emissivity/absorbtivity. Since the specific heat capacity, mass, temperature, surface area,
and emissivity of each probes is known or easily measured, we can utilize Equation 2 to generate a system of three equations
(one for each probe) with three unknowns: incident radiation, E, convective heat transfer coefficient, 4, and air temperature,
T,ir. Since the probes have the same geometry and are located in close proximity of one another, we can assume (given a large
enough heat source relative to this spacing) that all probes are exposed to the same incident radiation, and all have the same
local air temperature and air velocity (and thus the same convective heat transfer coefficient). Therefore, determining incident
radiation and convective heat transfer is a simple algebraic exercise.
Beginning with convective heat transfer coefficient for the system, we rearrange Equation 2 for each of the three probes,
such that
Eg; Cpmi J T;
T +h(Tatr 7—;)_Dl_ A at
where subscripts i = 1,2 or 3, one for each probe, and D; is the internal energy rate of change plus the radiated energy of each
probe per-unit-area. The mass and specific heat capacity of stainless steal probes will not change with time, and thus we can
solve for the time rate of change in temperature using an explicit approximation:

+ogT, 3)

AT, Ti(t+A) —Ti(1)
ot At
where At is the time step between measurements. If we subtract Equation 3 for probe 1 from the equivalent Equation for probe
2, we arrive at

“

E
szD1:E(62781)+h(T1*T2) %)
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which contains two of the three unknowns, 4 and E. The remaining values we can directly measure or calculate using the
thermocouple probes. The convective heat transfer coefficient value is often approximated using empirical methods, where
it is associated with the Nusselt number, Nu, under forced convection. The Nusselt number is defined as the ratio between
convective heat transfer and conductive heat transfer,

where L is the relevant length scale (diameter of the probe in this case) and x is thermal conductivity of the fluid. The Nusselt
number can be empirically represented as a function of the local Reynolds number, Re, which characterizes the local flow, and
Prandtl number, Pr, which is the ratio of energy transfer via momentum to thermal energy transfer:

Nu = CRe"Pr". 7)

Combining Equations 6 and 7, the convective heat transfer coefficient for small cylindrical shaped fuel elements (e.g. needles,
grasses, fine branches) or the stainless steel probes (surrogate fuel element) can be then estimated*® as

he 0.683 K Re-466 py0-333
= . 7

®)
where C = 0.683, k; is thermal conductivity of air in the vicinity of the fuel particle. The Prandtl number in air does not change

appreciably over environmental temperatures and is often assigned a value of 0.72%47-48 The Reynold number is calculated as

UL
Y.

Re ©))

where U is local flow speed, and v is kinematic viscosity of the fluid. Rather than measuring local flow parameters required
to calculate the convective heat transfer coefficient directly, which is extremely challenging during wildfire, we propose
rearranging Equation 5 to arrive at:

(Dy —D2)+%(82—8])
(h—T) ’

h= (10)
which requires the unknown incident radiative {iux, E. 1t should be acknowledged that we can not use this form of the equation
to solve for 4 if the gas and the probe temperatures are the same. So for practical use, the convective heat transfer term can be
neglected from Equation 5 when the termperatures of the probes and gas temperatures are sufficiently close.

By repeating a similar process with Equation 3 and subtracting the equivalent Equation for probe 1 from probe 3 to solve
for E, we get:

(D3—D1)+h(T3—Tl).

E=nx 1)
(& —&1)
We can then substitute Equation 11 into Equation 10 and after rearranging, we arrive at
Dy —D,) (& —¢€ D3 —Di)(&—¢€
p— P1=D2)(&s—&)+ (D3 —Di)(&—&) 1)

(h—T)(&—&)+(T1 —T3) (&2 — &1)

which contains only variables that are known or measured. It should be recognized that in dynamic heating/cooling scenarios it
is possible the denominator in Equation 12 can be zero momentarily when all probe temperatures are the same, or when
(Ih-T)(es—¢€1)=—(T1 — ;) (&2 —€1).

To determine the incident radiative heat received by the probes, we rearrange Equation 10 and solve for E using the
calculated heat transfer coefficient from Equation 12. Then, the incident radiative heat transfer per-unit-area is determined:

E¢;
QradJ = 717 (13)

T

assuming exposure is from one direction. To determine the convective heat flux, we next need to solve for air temperature.
Rearranging Equation 3 for probe 1, we arrive at
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E
Dy —Z&

Tair = h

+ 1. (14)
Air temperature calculated using each probe may vary due to measurement or approximation errors, thus it is recommended to
calculate it using the average of all three probes.

Finally, the convective heat transfer and emitted energy per-unit-area for each probe can be solved as:

Qconv,i =h (Tair - Tz) y (15)

and

4
Qemiri = o&T;", (16)
where Q.on, is the convective heat exchange and Qs ,; 1s the radiative loss in each probe.

Sensor Description: 2-Probes

The model described above can be reduced to a 2-probe system when gas temperature can be measured directly. Probes with
significantly different emissivities in the mid- and long-wave infrared spectrum are most appropriate™, i.e., a near black probe
and a highly-polished probe. Applying Equation 3 for probes 1 and 2 and eliminating the unknown incident radiation E, we
arrive at a new equation for the convective heat transfer coefficient in the 2-probe variation,

he D& —Dreg . a7
& (Tir —Th) — &1 (Tuir — T2)

Similarly, we can eliminate / instead and arrive at another expression for incident radiation,

Dy (Tuir — T2) — Do (Tuir — Th)

E=nrx .
€1 (Tair - TZ) —& (Tair - Tl)

(18)

We note that the denominator in both Equations 17 and 18 become zero momentarily when & (T, — T1) = €1 (T — T2). In
such cases, & and E become undefined. Once the values of # and E are determined, radiative and convective heat fluxes to the
probes can be determined using Equations 13 and 15.

Experimental Design
The following section describes the sensor design and provides an overview of the initial field and laboratory tests.

Sensors

The sensors were custom built to withstand high-intensity wildfire based on patent description by Linn ef al.*>. The sensor
box dimensions are 15.2 cmx 15.2 cm X 11.4 cm, and it is constructed with 1.6 mm thick steel. The box is insulated with 25
mm calcium silicate thermal insulation, which is then lined with a foil faced fiberglass cloth. Fiberglass insulated, 24 AWG
(American Wire Gauge), K-type thermocouple wire with Inconel overbraiding is threaded through steel conduit connecting a
data logger to mini ceramic connectors. The ceramic connectors are held in place by custom metal housing and the insulated lid
exposes the majority of the thermocouple probes, while shielding the ceramic connectors from excessive heat.

The configuration shown in Figure 1 consists of three 3.175 mm (0.125 in) wide, 152.4 mm (6 in) long, tip-grounded,
K-type thermocouple probes (Dwyer Omega) spaced 25.4 mm apart. The length of the probes within the insulated box is
approximately 13 mm. One probe is sprayed black with Rust-Oleum Specialty High Heat spray paint in a flat finish, another is
polished with Sharpal green buffing compound, and the last is sandblasted to a dull finish with 80 grit aluminum oxide blasting
compound. The emissivities, &;, of the probes are 0.9, 0.3 and 0.1 for the black, dull, and silver (or polished) probes respectively.
Emissivities are rounded to the nearest one tenth due to uncertainty and potential inconsistencies in probes. These values were
estimated using a combination of thermal camera observations, published values, and sensitivity testing. Thermal images of the
probes were combined with the known thermocouple temperature and the Stefan-Boltzmann equation to determine emissivity.
Estimates were also cross-referenced with published values**—2. Black spray paint is reported 0.85-0.98, sandblasted stainless
steel 0.38, and polished stainless steel 0.07— 0.3 in extreme temperatures.
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Figure 1. Images of the sensor (a) installed and (b) a close up of the probes

Conductive loss in the probe above the ceramic connectors is considered niegligible as less than 15 mm (<10%) of the probe
is shielded by insulation. If we assume the cross-sectional area of the hollow probe is A, ~ 5.938 x 107% m? (the hollow radius
is half the outer radius), then conductive loss can be calculated as:

KsreelAc (Tf - T;'nsulated) )
L

Qconduct = (19)

where Ky..; is thermal conductivity of stainless steel, taken to be 15 ] sTIm™ K™Y, Thguiareq is the probe temperature at the
ceramic connector, and L is the 15 mm length over which the probe is conducting heat away. Assuming an extreme (and
unrealistic) temperature difference of 900 K, the energy loss over 1 second would be approximately 5 J. While this loss will
compound over time, the energy gains due to fire-induced convection and radiation are expected to be at least an order of
magnitude larger for even the lowest intensity fires, which would have significantly smaller temperature difference. Thus, we
neglect conductive losses for these applications.

Field Tests

An experimental fire was conducted by the Government of the Northwest Territories Environment and Climate Change on June
24, 2025 at the Fort Providence Wildfire Experimental Site>?, formerly the location of the International Crown Fire Modeling
Experiment®*. The stand at the plot was primarily black spruce and jack pine with nearly 80% of the jack pine overstory
standing dead. Understory consisted of primarily black spruce with aspen, birch, and jack pine. Surface fuels were a mixture
of feather moss and shrubs. The sensor was installed approximately 50 m north of the ignition line expecting northward fire
spread. In-stand winds at 1.5 m above ground level (AGL) and 30 m upwind of the ignition line were approximately 0.6 ms~!
at ignition time. 10 meter open winds were between 1.8 and 2.0 ms™! during the fire. Temperature and relative humidity at
2 m were 22°C and 34%. The Canadian Fire Weather Index System’s>> Fine Fuel Moisture Code (FFMC), Duff Moisture
Code (DMC), Drought Code (DC), and Fire Weather Index (FWI) were reported as 91, 77, 327, and 27, respectively. These
conditions in a boreal spruce stand were conducive to continuous crown fire. Further details on the experimental fire will be
reported in additional studies.

The sensor was carefully buried such that the tip of the probes were approximately 8 cm above the moss and litter layer,
see Figure l1a. This height ensured that the thermocouple junction was near the surface, but not below the moss layer. Air
temperatures at the plot were measured in multiple locations using K-type fine wire thermocouples, 36 gauge, or 0.127 mm
in diameter, connected to 24 AWG, fiberglass insulated thermocouple wire with a stainless steel overbraid. The fine wire
thermocouple and insulated thermocouple wire were connected with a bead of silver brazing alloy.
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Air temperature measurements were logged at multiple locations near the sensor at 1 Hz using a Campbell Scientific
CR1000 datalogger and thermocouple probe measurements were logged at 1 Hz with a Campbell Scientific CR800 datalogger.
We report air temperatures as measured by the fine-wire thermocouples, without correction for radiation. Following other
studies!!-2%-40:36 we estimate the error to be 5% since the fine-wire thermocouples are 0.127 mm. Temperature errors and their
impacts on results are further discussed in Supplementary Material. All loggers and batteries were buried in a logger box 1 m
west of the sensor. Surface fuels upwind of the sensors were undisturbed and fuels in adjacent areas were minimally disturbed,
except above the buried data loggers, where all fuel was removed and 10 cm of wet clay was overlaid to protect the loggers and
batteries from excessive heat.

In the 2-probe calculations, T, is the mean air temperature of the west, central and east fine-wire thermocouples which
were located approximately 10 cm south of and no more than 50 cm east / west of the probes. Analysis of near-surface air
temperature data within 100 cm upwind of the sensor generally follows the trends of that observed 50 cm upwind and laterally.
This indicates well mixed gas temperatures in the 1 m region near the probes, and thus the mean value from west, central and
east locations are likely representative of local gas temperatures. We use only the black and polished probes to maximize the
difference in emissivities, as recommended in the patent*’. The time rate of temperature change (required in Equation 3) for
each probe was calculated using the slope from the line of best fit for the data between two seconds prior and two seconds
following each sampled temperature.

Laboratory Tests

To examine the potential influence of probe thickness or their response time scales, simple laboratory test fire experiments were
performed with two different size probes (3.175 mm and 1.588 mm in diameter) in dead grass, primarily Elymus trachycaulus
and Bromis inermis. Calm and wind (driven by a fan) cases were tested. In the wind case, the wind speed at the level of the
probes was approximately 1.4 ms~'. In all laboratory tests, 150 g of grass was evenly spread over a surface of calcium silicate
thermal insulation approximately 1 m long and 0.5 m wide resulting in an average fuel load of 0.3 kg m~2 with a depth of
approximately 6 cm, similar to a matted dead grass after spring thaw. The thermal insulation was installed to ensure energy
from the fire was not reflected back into the fuel bed. Fuel moisture was 10% for both tests (with and without wind). The
sensors were placed in the fuel bed with probes oriented vertically, in a line parallel to the ignition line, laterally centred in
the fuel bed, and located approximately 5-10 cm in from the far edge (and 95 cm from the ignition line). The probes were
positioned 10 mm apart (centre to centre) to accommodate the size of the fuel bed, which differs from the probe spacing of 25.4
mm described for the sensor box assembly. Ignition occurred along the edge opposite the sensors and the fire was allowed
to freely burn to the probes. The sensors were also collocated with two 0.127 mm fine wire thermocouples to measure gas
temperature within 2 cm of the probes. For all laboratory tests, a single CR1000 data logger was used to record temperatures of
both the probes and fine-wire thermocouples at 1 Hz.

Numerical tests
We examine the time sensitivity ot the probes using a forward in time discretization of the conduction equation,

8cpmef o 8 8Tf
i om {’( i 20

with 21 grid cells, and a time step of 1 x 10~# s. In this numerical analysis, the probe is assumed solid across the entire width,
the heating is assumed to be antisymmetric, thermal diffusivity is a function of the local temperature, and cylindrical influences
of the probe shape were ignored. Mass and specific heat capacity are assumed constant. A Dirichlet boundary condition was
applied on one side assuming temperature symmetry across the centre of the probe and a Neumann boundary condition on the
edge representing the exterior of the probe. A constant initial temperature, 7;, of 300 K is assumed and a boundary condition of
T; 4+ 100, T; 4+ 200, T; + 300 were applied to ensure consistency.

Results and Discussion

The following section illustrates data from the initial field test, two laboratory tests, and discussion of the results.

Field Tests

The sensor was tested near Fort Providence, Canada on July 24, 2025. The fire in the immediate vicinity of the test plot was
a high-intensity crown fire with a residence time of approximately 60 s as determined by in-fire video and near surface air
temperatures. Figure 2 illustrates measured temperatures from the probes and fine wire thermocouples. Subscripts Air, west,
Air,centre, and Air, east correspond to air temperatures measured west, immediately upwind, and east of the sensor. Air,avg
is the average of the three. Prior to arrival of the flame front, a spot fire ignited near the sensor which is evident after 50 s in
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Figure 2. Near ground probe and air temperature measurements before and during fire front arrival for the field experiment
conducted near Fort Providence, Canada. O s roughly corresponds to the point in timie where the temperatures begin to slowly
rise above ambient as the fire front approaches. Grey-green shading on the background of the plot indicates time periods where
data is not discussed in the analysis below, but is shown here for completeness.

Thircasr in Figure 2 and visible in Figure 3a within the blue box. The spot fire has minimal effect on the sensor as the probe
temperatures remain near the Ty, cenrre and Tyirwesr until the flame front approaches. At approximately 82 s, a gust of hot gases
is evident in Ty, ¢qsr and Tyirwesr With a brief increase between 125 and 135 K before the arrival of the fire front. Ty, censre does
not rise at the same magnitude as Ty ves; and Ty cus, possibly due to brief contact with fuel, such as a leaf blown in. The
brief gust of hot gases and associated convection has minor impact on the temperature evolution of the probes. Examination
of the first time derivative (not shown tfor bievity) of probe temperatures over time shows an elevated time rate of change
of temperature starting just before 82 s, increasing between 5.4 and 6.0 Ks~!, followed by a momentary decline until rising
between 7 and 38 Ks~! with the approach of the fire front (90-100 s). Upon the arrival of the fire front around 92 s, T4y ,ves:
rise lags behind Ty, censre and Ty eqsr by approximately 7 s as shown in Figure 2. In-fire images (Figure 3) indicates that while
stand-level direction of fire spread is south to north, the fire locally approached the sensors from the east due to spot fires on the
eastern side of the sensors, as well as erratic and turbulent flow at the fire front. Moreover, this local behaviour of the fire may
be influenced by the fallen tree (visible) and clay fuel break protecting the buried loggers (not visible). It is worth noting the
metal frames in Figure 3 are placed to support fine-wire thermocouples. The sensor described here (located within the blue box
in Figure 3a) is positioned near the north frame to utilize measured near-ground air temperature.

In order to explore the performance of the proposed sensor, we must consider that soot accumulation and oxidation will
change their emissivities, and thus we cannot assess the performance of the system after the probes are engulfed in flame. This
is a known challenge during in-fire measurements?3%37, Assessments of probe emissivity evolution due to oxidation, thermal
degradation, and soot accumulation during and post-flaming are required to determine the applicability of the sensor during
flame contact. This work is left for future studies. Furthermore, analysis is irrelevant when probe and gas temperatures are
nearly identical to each other since there is little to no fire-induced heat transfer. Therefore, we only discuss results between
50-100 s in our analysis hereafter and exclude all other data (shown as light grey-green shading in Figure 2).

Calculated heat transfer coefficients for the interval of relevance are plotted in Figure 4a and incident radiations in Figure
4b. Here, h3_probes h2—proves and ho_gmoornea are the calculated convective heat transfer coefficients for the 3-probe system,
2-probe configuration, and smoothing of h_ ppe, respectively. Er_ prope and E3_,p, are incident radiation calculated from the
2- and 3-probe systems.

We begin by noting the surprisingly-large fluctuations in both the convective heat transfer coefficient and the incident
radiation in the 3-probe system, as well as the tendency for both to fall below zero. The convective heat transfer coefficient
itself is a measure of how well heat can be transferred between a surface and the surrounding fluid in the direction opposing
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Figure 3. Still images from in-fire video (a) before the arrival of the fire front while a spot fire ignited near the sensor, and (b)
as the flame front initially arrives. The blue box in (a) contains both the spot fire and sensor. The camera is pointed
approximately east. Photo Credit: Greg Baxter, FPInnovations

the temperature gradient (hot to cold). Larger values of & indicate more efficient heat transfer, and values near O indicate
negligible heat transfer. Furthermore, a negative coefficient would indicate the transport of heat from cold mass to hot
mass, which is unphysical. An examination of 43_ .. in Figure 4a indicates a frequent mismatch between the sign of the
numerator and denominator in Equation 12. While the signs for each individual term are physically realistic and consistent (e.g.,
(D1 — D;)(&3 — €1) < 0) the accuracy and response time of the 3.175 mm probes for the 3-probe configuration is not sufficient
to determine the convective heat transfer coefficient in a rapidly changing enecrgy balance. Calculation of the coefficient depends
on the highly-dynamic temperatures of the probes, which are not adequately captured by the probes at the time scale changes of
velocities, density, and temperatures of the gases around the probes. In order to explore the potential challenges associated with
the time scales of probe response, we used a simple 1 dimeiisional conduction model in an ideal 3.175 mm wide probe. Results
indicate that it takes approximately 2.1 s for the centre of the probe to reach 90% of the applied temperature on the edge of
the probe. Temporal fluctuations in convective heat flux up to 200 Hz for 2.2 ms~! are observed in wind driven laboratory

experiments>3.

While we are unable to measure the heat trans{er coefficient directly for validation, we can assess its relative accuracy using
Equation 8 and comparison to literature. For cxample, we expect a low convective heat transfer coefficient (<10 Wm™2K~!) in
low winds (e.g., 0.1 ms™!), although natural convection will prevent it from going to zero if there is a temperature difference
between the probe and surrounding air as buoyancy-induced velocities will develop. The coefficient rises to 175 Wm 2K~ as
air temperatures and winds rise to 600 K and 10 ms~!, and approaches 240 Wm 2K ™! in air at 1000 K with 20 ms~" winds.
Video observations of the experimental fire indicate continuous, and at times extreme, swaying of trees several meters tall and
several centimetres in diameter with the approaching fire front; thus, it is reasonable to assume local near ground fire-influenced
wind speeds are nearing and exceeding 10 ms~!. Horizontal in-fire winds, as reported®® in a high-intensity crown fire were
estimated to be 5-15 ms~! in a denser stand at the Fort Providence site. Moreover, a high-intensity fire in Alaska>® generated
horizontal winds of 10 ms~! with peaks of 30 ms~'. Wind speeds up to 16.2 ms~! were reported!! in a surface fire with flames
extending into the canopy.

In Figure 4a, the heat transfer coefficient for the 2-probe system varies (generally) between 40 and 110 Wm 2K ™! from
50-70 s, and fluctuating as high as 362 Wm~2K~!. Smoothing the calculated 2-probe heat transfer coefficient between 50-100
s yields an initial mean value near 75 Wm 2K ! that rises to approximately 240. The smoothed line presented in Figure 4a is
generated using LOESS curve-fitting with span of 0.4 that is fitted using data within the interval 50—100 s, which explains the
local minima at approximately 95 s. While the probes themselves cannot resolve rapid fluctuations in convective heat transfer,
the fine-wire thermocouple sensitivity is significantly better, resulting in an increase in overall performance of the 2-probe
variation.

Figure 4b illustrates the calculated incident radiation received by both the 2- and 3-probe systems in the experimental fire.
Since we separate the incident and emitted thermal radiation in our model, negative calculated values for E in the 3-probe system
are nonphysical. Such values are likely due to the inability of the system to resolve the convective heat transfer accurately.
Instead, incident radiation is more realistic using the 2-probe system, where fluctuations in gas temperature are better accounted
for. In the 2-probe system, incident radiation increases with decreasing distance to the fire front, which is consistent with other
studies. The peak incident radiation observed just prior to flame arrival is approximately 200 kWm™2, which is similar to
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Figure 4. Calculated (a) convective heat transfer coefficient, &, and (b) incident radiation, E, for both the 2-probe and 3-probe
system.

the peak of 189 kWm 2 observed in Mill Creek crown fire*. Other studies in high-intensity crown fire have reported values
of radiant heat fluxes peaking near 200 kWm ™2 at 3 m AGL*" and 300 kWm 2 at 1 m AGL>. Studies in shrublands and in
passive crown fire report peaks greater than 150 kW 2 near the vegetation tops (1.1 m AGL)** and up to 52 kWm~2 at 0.6
m AGL!'! . It is important to recognize that the local site conditions for all of these studies will vary significantly and the
radiant energy fluxes discussed above are to establish a plausible range of values in moderate- to high-intensity fire. In the
sensor described here we may not accurately capture the maximum radiative flux because it can occur while the probes are fully
engulfed in flame and thus becoming soct coated (changing emissivity values of the probes). Furthermore, very short duration
spikes are likely smeared out by the time-scale resolution of the probes since measurements less than 10 Hz are unlikely to
capture peak fluxes®”. Nonetheless, the sensor is reporting physically realistic results falling within the range of radiant heat
fluxes reported by other studies in moderate- to high-intensity fire.

We report the final energy budget calculated using only the 2-probe system in Figure 5. In this figure, the black probe
budget is presented with black lines and the polished probe results are presented in grey. Beginning with the convective heat
transfer per-unit-area from Equation 15, the calculated polished probe convective energy is positive during the approach of
the fire front as the temperature of the probe never rises above the temperature of the air. The black probe, however, has brief
periods of convective energy loss lasting from 1 s to5 s with the approaching fire front. This pattern of alternating positive and
negative convective heat transfer is consistent with laboratory observations'*. Pre-ignition, fuels are being heated steadily by
incident radiation, raising the probe temperature, while intermittent bursts of hot and cooler gases heat and cool fuel particles.
The greatest convective energy received is by the polished probe around 98 s, at or momentarily before flame impingement. The
fact that convective heat transfer in the polished probes is always positive highlights the important role that incident radiation
plays in pre-heating fuels. Unlike the black probe, the polished probe reflects 90 % of incident radiation leading to heating
primarily by convection. However, convective cooling is expected in natural fuel elements!'® that absorb a significant portion of
incident radiation®”-6!,

The incident radiative energy absorbed (Equation 13) is significantly different in the black and polished probes, which
is due to differences in emissivity as the polished probe reflects much more energy than the black probe. As expected, the
radiative energy for the black probe rises steadily as the fire front approaches, and it is strongest just before or at flame contact
when convective heat transfer is nearly as strong. Finally, the emitted energy, or radiative energy losses, by the probes (Equation
16) are most significant in the black probe and near O for the polished probe.

Considering that emissivities of live and dead vegetation are often above 0.95%-6! and the geometries of the natural fuel
elements and probes are similar, the energy absorbed or lost in the black probe would be comparable to that of the fine fuel
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Figure 5. Energy budget for the sensor probes during the experimental fire. Convective heat transfer flux is Qony, the radiative
flux is Q,4s and the emitted energy from radiation loss is Qepir-

elements which carry fire in a natural setting, recognizing there arc significant differences in specific heat capacities and
moisture dynamics. The pattern of generally increasing radiative heating with decreasing distance to the fire front and bursts of
convective heating and cooling prior to flame contact are consistent with numerically-motivated hypothesis'>'* and physical
findings'#3% 92, Furthermore, observations that incident radiation may contribute more energy per-unit-area than convective
heat transfer, which can and does induce cooling in high-intensity crown fire, is consistent with some other studies®>°? that
report average peak convective heat fluxes near 45%33 and 15-20%°? of the incident radiation in lodgepole pine stands. In this
investigation, we observe 22%, recognizing that ditference in geometries of the instruments make direct comparison difficult.
Nonetheless, this initial investigation of the performance of the sensor (when gas temperature is measured) is promising. The
time scales of the 3 mm probes are not adequate to resolve rapid changes is convective heat transfer. While we originally
sample at 1 Hz, we estimate the probes cannot resolve fluctuations smaller than 4-5 seconds. In addition to the numerical
analysis, shortening the duration for the time derivative (currently -2 s) shows no improvement in results, and averaging of the
data on a 5 second moving window indicates very similar trends, with less variation. Following these findings, we attempt
to improve the sensitivity of the system by reducing the probe size as described in the next subsection. To date, there is no
experimental fire data for the smaller probes.

Laboratory Tests

Several laboratory tests were conducted at the Northern Forestry Centre in Edmonton, Alberta, Canada to assess possible
improvements in sensitivity of the 2- and 3-probe systems by comparing their performance against a similar set of thermocouple
probes with a smaller diameter. This section presents the results and discussion on a calm case and a case where wind (using a
fan) was applied.

Figure 6 illustrates temperature observations for the small and large probe comparison in (a) calm (no wind) scenario, and
(b) 1.4 ms~! wind scenario. The mean air temperature in these plots, Thiraygs is measured within 2 cm ahead of each set of
probes. Examining the temperature trends, we note the slow temperature rise of the probes in the absence of wind. Both gas
and probe temperatures initially are slow to rise, with a sharp rise in gas temperature at 63 s, followed by a slower rise in both
small and large probes. Finally, a notable increase in probe temperatures occurs at 75 s where the flames are in direct contact
with the sensor. This is contrasted in the wind scenario, where the gas temperatures rises rapidly at 24 s, followed by a notable
rise in all probe temperatures at 26 s. The greatest increases are observed in the smaller probes.

Examining the heat transfer coefficient for both calm and wind scenarios in Figures 7a and 7b, large positive and negative
fluctuations occur again in the 3-probe system. Therefore, the remaining discussion will focus on only 2-probe variations. The
heat transfer coefficient for the 2-probe scenario in no wind is very small in both size systems with a mean (peak) of 9 (45)
Wm 2K ! and 11 (28) Wm—2K~! for the large and small systems, respectively. We note the larger probes illustrate negative
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values of convective heat transfer in several instances. At these times, there is no measured change in the temperature of the
dh,

polished probe, i.e., <72 = 0, and thus the second term in the numerator of Equation 17, D, €, reduces to o0&, T248] . This results
in a change of sign in the numerator and a slightly negative value of /4. The small probes are more consistent, remaining below
30 Wm 2K ! and generally near zero, which is reasonable since there is little air movement. Initially the it’s value is slightly
below zero, however, the temperature difference between the air and the probes is very small, such that the calculation of &
when T; ~ T, is irrelevant.

In the wind scenario, the mean (peak) heat transfer coefficient is 133 (272) Wm 2K~ ! in the smaller system, and 93 (176)
Wm 2K~ in the larger 2-probe system. If all else remains the same with respect to Equation 8, we expect hg ~ 1.45h;, which
is remarkably close to the observed value of 1.44 using the means. The relatively consistent mean value for the heat transfer
coefficient in the small 2-probe system (133 Wm~2K™!) is larger than the calculated coefficient of 102 Wm 2K ™! using
Equation 8 when winds are 1.4 ms~!. However, values of % in the wind scenario are expected to be greater than those estimated
using pre-fire winds since fire-induced winds are often greater than ambient. Similar, but larger-scale experiments in wooden
cribs!” report in-fire winds approximately 7x the ambient wind based on video observations. Given the scale differences
between the experiment presented here and those by!”, we expect winds occurring before arrival of flames in our experiments
to be less than 7 x the pre-fire ambient wind. For illustration purposes, we obtain a convective heat transfer coefficient of 244
Wm 2K~ using the small probe diameter and 1000 K if we increase the wind speed to 7 x. Other studies®* have noted local
wind speed increases approximately 3 x ambient over grass fire at 2 m AGL. Using Equation 8 and the mean heat transfer
coefficient, we estimate the in-fire wind speeds to be 2.668 ms~!, which is 1.9 times ambient.

The incident radiation, E, in the no wind scenario (Figure 7¢) remains low for both the large and small 2-probe systems,
until the flame front approaches. However, there is a very slight dip below 0 in several occasions in the larger probe system
(minimum —0.57ka’2), which could be attributed to minor errors in emissivity, or other assumed values. E in the smaller
2-probe system is steadier and remains low prior to flaming. Peak incident radiant heat prior to flame arrival for small and larger
2-probe systems are 13 and 17 kWm™2, respectively, which is within the range of overall peak values measured in pine litter
experiments>. We note that our estimated a6 8 value, a dimensionless parameter used in porous litter beds that is correlated to
spread rates®, is nearly double the highest value reported by Campbell-Lochrie et al.>, although our fuel load is within the
range of fuel loads tested in their study. Incident radiation calculated by both the small and large syste,s should be identical as
the radiant energy per-unit-time per-unit-area does not depend on the size of the probes. Therefore, the observed similarities are
encouraging.

Incident radiation for both sets of 2-probe systems is steady near 3.5 kWm ™2 in the first half of the wind experiment (Figure
7d). At approximately 23 s, the larger system indicates a rise in radiation for 4 s increasing approximately 5.5 X, which is
contrasted by a slight rise in the smaller probes, with a peak at 25 s. Negative values of E are observed in the small probes
during the wind scenario from 27 s to 29 s coinciding with a "crossover" point in probe temperatures, i.e., the time evolution
of the polished probe temperature approaches and rises above the black probe temperature. If we return to Equation 18 and
assume Tpiack = Tpotishea = T, We arrive at the condition where E < 0 using the definition of D;:

@

ot ot

This implies that the difference in emitted radiation in the black and polished probes is less than the difference in internal
energy change between the polished and black probes. This can occur when convective heat transfer is strong and incident
radiation is weak, so small errors in the system calculation result in the incident radiation falling below zero to compensate for
either an overestimate in convective heat transfer, or an error in internal energy change. It is interesting to note that the same
behaviour is not observed in the larger probes indicating further investigation is required to determine the effects of probe size
and relevant time scales associated with the fire.

Examining possible sources of error (see Supplementary Material), we find that differences in results over reasonable
ranges of emissivity (0.88—0.98 and 0.05—0.2 for black and polished probes, respectively), compared to baseline values,
are generally less than 22 % in h where wind is present and convective heat exchange is significant. Percent variations in
calculated E are generally less than h, except in this case, where we briefly note an erroneous negative incident radiation flux.
However, while E contains possible errors due to emissivity variation, the impact is not large enough to explain the anomalous
values. Furthermore, an examination possible errors due to 5% temperature measurement indicates that impacts on h and
E in laboratory experiments are generally less than 10% when averaged, with the largest errors occurring in the convective
heat transfer coefficient (up to 94%) when temperature differences are small and convective heat transfer is weak. This again
does not account for anomalous values in E. Given the sensitivity of the solutions to temperature cross overs occurring when
denominators are small, a confidence flag should be reported with the dataset, or data should be skipped or downweighted to
avoid instabilities or anomalous solutions. While we recognize that this is a current limitation of the sensor in a unique scenario,
we leave corrections of this limitation for future work.
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Following our approach in the case of field experiments above, we only present the energy budget for the 2-probe systems.
As shown in Figures 8a and 8b for the large and small systems with no wind, respectively, the overall energy budget shows very
little energy transfer to the probes via both convective and radiative heating. The black probe in both sizes generally absorbs
more thermal radiation than the polished probes, as expected. In both cases, convective heating is near 0, with the exception of
the smaller probes immediately before flame arrival between 67 s and 72 s. While air temperatures are elevated after 60 s, little
air movement prevents significant heat transfer between the gas and solid surface. We also recognize that increasing local air
temperature around the probes would lag by several seconds compared with the reported air temperatures since the probes fine
wire thermocouples are separated by 1.5-2 cm. Furthermore, the fact that probe temperatures do not rise appreciably until
flames are in direct contact with the probes reveals that in still conditions with sub-meter flame lengths, the sensors may not be
able to determine heat transfer as well as other methods in a completely still scenario where heating is almost entirely radiative
until direct contact with flame. Conversely, the wind scenario (Figures 8c and 8d for the large and small probes, respectively)
shows some radiative heating prior to arrival of the flames, but heating is dominated by convection pre-flame contact in both
cases. Other studies report a correlation during pre-heating between the role of convective heat transfer with increasing wind?®,
or observe strong convective heat pulses when fire behaviour is largely wind driven>3>3°_ These trends, however, contrast
those found by Butler e al.%, where radiation magnitudes were generally double that of convective heat during wind driven
fire experiments. The significant difference in scale of the laboratory experiments® could play a role in the differences from the
results here since radiative energy emitted by the fire is related to fuel consumption®>9°. Their® fuel beds were pine straw, 3 m
X 24 m, with fuel loads nearly 3 times our grass fuel loads. This difference could also be partially attributed to the fact that the
sensor packages in Butler ef al. included heat transfer to a flat plate. It is important to remember that convective heat transfer to
a flat plate is different than that received by a probe (or fine fuels), and so direct comparison to the studies discussed above
and their findings related to convective heat transfer and the probe results here are not possible. Instead, we highlight general
trend comparisons and estimated wind speeds which are tied to convective heat transfer, recognizing that further testing and
validation is required and will be reported in future work.

Conclusion

This study looked at developing and testing a cost effective, simple heat transfer sensor for wildfire applications. Performance
of the proposed system was evaluated under both field tesis and lab experiments over a range of environmental conditions,
including high-intensity crown fire, as well as lower intensity grass fires in both calm and wind-driven scenarios.

The result of our field tests revealed that the heat transfer system configuration with 3-probes is unable to resolve the
rapid changes in convective heat transfer and produces unphysical results. However, when coupled with air temperature
measurements, the sensor is providing physically realistic results when compared with literature and plausible scenarios. The
measured incident radiation, convective heat transfer coefficient, and estimated wind speeds are within the ranges of those
observed by other field studies. Initial measurements found increasing radiative heat transfer with decreasing distance to the
flame front, which is consistent with expectations. Furthermore, turbulence induced bursts of convective heating and cooling
ahead of the front were also documented.

Laboratory tests indicate similar performance in calm and wind-driven tests. In these tests, we find the smaller probes
increase sensitivity of the sensor. Radiant heating increases as the flame approaches and estimated in-fire wind speeds are nearly
double ambient wind speeds, which is consistent with other studies. However, these simple tests reveal potential challenges
in cases where convective heat transfer is strong and incident radiation is weak indicating small errors may be present. in
estimated values of emissivity. While laboratory studies are valuable to test proof of concept here, the smaller probe system
still requires rigorous testing in experimental or prescribe fire alongside established sensor packages to ensure consistent and
accurate results in highly dynamic environments.
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