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Physical modeling of both stationary fires and wildland fire spread requires a

thorough understanding of underlying heat transfer processes which result from the

interaction of flames with their surrounding environment. However, the hostile fire

environment makes it difficult to conduct detailed experiments that measure and

describe common thermal phenomena in many of these configurations, limiting both

our understanding and the opportunity for model validation. In this dissertation,

new measurement techniques were developed to characterize the thermal and fluid

structures of three canonical fires: a buoyant-driven flame, a wind-driven flame, and

an inclined flame, providing both enhanced understanding and new data for model

validation.

The first experiment applied a dual-thermocouple technique to turbulent buoy-

ant flame measurements with a newly developed method for uncertainty analysis.

A 15 kW turbulent buoyant diffusion flame was established over a round gas burner



with a 13.7 cm inner diameter at FM Global’s laboratory. A dual-thermocouple

probe, consisting of two fine-wire thermocouples with 25 �m and 50 �m wire di-

ameters, was used to determine a compensated turbulent gas temperature. Flame

temperatures including the mean, root-mean square (rms) and probability density

function were obtained in a two-dimensional plane across the flame centerline. These

temperature measurements, alongside existing data such as the radiant power dis-

tribution, local soot volume fraction and soot temperature, as well as future gas

velocity measurements will provide a detailed dataset of this flame for validation

and development of radiation models.

The second experiment, performed at the University of Maryland, investigated

convective heat transfer from a wind-driven flame under the effect of freestream tur-

bulence. An image analysis technique was developed to extract the sub-scale flame

structures: flame streaks and troughs. It was observed that freestream turbulence

initiated an earlier onset of visible coherent flame streaks. Both spacing and fluc-

tuation frequency of the flame streaks showed a nearly quadratic growth at high

turbulence intensities. This quadratic growth promoted the transition of flames to

a turbulent state, which ultimately modified the overall flame heating dynamics.

The forward attachment length of the flame was found to be negatively correlated

to the turbulence intensity. Two heating modes, a momentum-dominated and a

plume mode, were observed and found to be segregated by a critical Richardson

number. The downstream heat flux was found to increase from 30 to 40 kW/m2

in the momentum-dominated regime, when flow turbulence intensity changed from

less than 1% to a level of 14.9–16.8%. Finally, it was observed that placing a bar



upstream of the burner tripped the flow to the point where the downstream flame

structure closely resembled flames under the highest turbulence intensity investi-

gated, suggesting a simplistic configuration for future study.

The third experiment developed a temperature-correlation velocimetry tech-

nique (TCV) to examine the thermal structure and flow dynamics of inclined fires.

The experimental data was provided by the USDA Forest Service Missoula Fire Sci-

ences Laboratory. A 10 kW partially premixed propane flame was first produced over

a small tilt table. Shadowgraph images were taken to illustrate the motion of the flow

governing the resulting inclined fire plume. Large-scale fire tests with heat-release

rates ranging from 81 kW to 2.25 MW were also conducted over a large tilt table.

The angle of inclination, �, was varied between 0° and 30°. A micro-thermocouple

array along the centerline of the table was used to measure downstream gas tem-

peratures. Flames were seen to start attaching to the inclined surface at � = 18°,

independent of the fire intensity. The centerline temperatures under attached flame

conditions are consistent with McCaffrey’s buoyant flame temperature correlation,

suggesting the buoyancy-driven nature of the inclined fires. The local gas velocity

was measured using cross-correlation velocimetry through the streamwise tempera-

ture signals. Results show that the local flow was accelerated in the attached flame

region driven by buoyancy before reaching a peak. Velocity of the flow slowed af-

ter the peak due to weaker buoyancy within the intermittent and plume regions.

The mean surface velocity of the attached flame scales directly with the angle of

inclination (sin2 2�) and the fire intensity (Q̇
02=3) , providing a promising method to

evaluate convective heat transfer using the geometry of an inclined fire.
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Chapter 1: Introduction

1.1 Wildland Fire

Wildland �res are an essential process in Earth's ecosystems. Yet, the un-

wanted destruction resulting from wildland �re's huge energy release and associated

smoke generation has threatened many communities, human health and natural re-

sources [1]. Satellite data shows that the global annual area burnt was nearly 840

million acres from 2000 to 2015. In the United States, wildland �res occur year

round in the southern and western regions (see Fig. 1.1). Data from the National

Interagency Fire Center (NIFC) [2] shows that 5 million acres of land were burnt

by wildland �res annually from 1983 to 2020; this number increases to 7.5 million

if looking at the data from the most recent 10 years. More than 10 million acres of

land were burnt in the years 2015, 2017, and 2020. Although the number of �res

in the U.S. has decreased over the past two decades, the size and severity of these

�res have drastically increased, as illustrated in Fig. 1.2. Beyond acreage burned,

since 2005 over 89,000 structures have been destroyed by wildland �res in the United

States, including the destruction of whole communities, untold numbers of fatalities,

and tens of billions of dollars in �nancial losses [3]. Fire modeling has the potential

to alleviate some of this destruction, through �re spread predictions, suppression
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planning, �re risk analysis, and realistic training. Improving these models to more

accurately predict the spread of �res is necessary for these tools to remain accurate,

especially for the largest and most intense �res which tend to cause the majority of

destruction.

Figure 1.1: US and Canada �re map with the �re symbols representing active �res
larger than 1000 acres (date: Oct. 11 to 17, 2021). Credit: Fire Information for
Resource Management System.

Figure 1.2: The number of and area burned from wild�res in the US. Data Credit:
National Interagency Fire Center.
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1.2 Modeling �re spread

Fire spread is a coupled process which consists of energy release from gas-phase

combustion of pyrolysis gaseous, transport of a portion of this energy to unignited

fuel, and heating of this fuel to the point where it releases combustible gaseous at a

rate that will maintain a self-sustained 
ame, often assumed to be a constant ignition

temperature for a solid fuel [4]. A fundamental thermal model which describes this

process was proposed by Williams [5],

�V � h = _q
00
; (1.1)

where� is the fuel density,V is the rate of �re spread, � h is the di�erence in thermal

enthalpy between ignited and un-ignited fuel, and _q00 is the net heat 
ux to the

surface of the fuel. Many �re spread models are based on Eq. 1.1 but with di�erent

bias on the selection of the dominant heat transfer mode. The three most common

heat transfer modes are conduction, radiation and convection. However, for wildland

�re scenarios where the fuel elements are often discrete, conduction heat transfer is

less likely to dominate the �re propagation. Therefore, the principal mechanisms

are usually radiation and convection of hot gases [5]. However, incorporating these

physical processes into a wildland �re spread model is challenging, mostly due to

the lack of a fundamental theory. Existing physically based models are found to be

using assumptions without an experimental basis, thus failing to predict the ignition

of fuel elements and subsequent �re spread [6].
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Prediction of the ignition process is critical since �re spread results from sus-

tained ignition. Equation 1.1 is only valid when the net energy input ( _q
00
) is large

enough to ignite the fuel. However, how ignitions occur at �ne-fuel particle scales is

not yet fully understood. Usually, fuel elements can be characterized using the fuel

size and shape, moisture content, and chemical composition [6]. The last two param-

eters can be characterized using laboratory-scale experiments and used in large-scale

wild�re application, regardless of the fuel size. However, the heat transfer model for

di�erent fuel sizes cannot be generalized. Recent �ndings have shown that ignition

of a fuel element is not dominated by a single heat transfer mode, but rather is

controlled by a mixed process of radiant heating, convective heating, and convective

cooling, depending on the characteristic size the fuel. In wildland �re scenarios, the

size of the fuel elements range from 10� 3 to 100 m with a general classi�cation for

fuel size based on the time lag for evaporation in the US as: 1 hr:< 1=4
00

(0.64 cm),

10 hr: 1=4
00

(0.64 cm)� 1
00

(2.54 cm), 100 hr: 1
00

(2.54 cm)� 3
00

(7.62 cm), 1000 hr:

3
00

(7.62 cm) � 8
00

(20.32 cm), as illustrated in Fig. 1.3. Precise prediction of fuel

ignition across di�erent scales is then necessary for modeling wildland �re spread.

For that purpose, we need to have a thorough understanding of the role of di�erent

heat transfer mechanisms in wildland �res.

1.2.1 Role of radiation

A critical question within the research community is which heat transfer mode

dominates wildland �re spread: radiation or convection? The �re research commu-
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Figure 1.3: Wildland fuels with di�erent sizes

nity has not come to a �rm conclusion yet. Often times, it is \a modeller's judgment

that determines the process assumptions without an experimental basis", as stated

by Finney et al. [6]. Consequently, a portion of wildland �re spread models were

developed with radiation as the controlling heat transfer mechanism as large �res

tend to have observably high radiative heat 
uxes which could govern the rate of

�re spread [7].

With the assumption that the developed 
ame zone blocks most forward con-

vective heat transfer, Albini [4] developed a radiation dominated wildland �re spread

model. The propagating 
ame front was treated as a steady plane which acts as

a perfect di�use radiator that provides the heat for �re spread. In later work [8],

he revised the model to include cooling of the fuel by natural convection. However,

initialization of the fuel temperature distribution was based on the occurrence of

ignition rather than experimental observation, which has demonstrated that con-
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vective cooling e�ectively o�sets radiative heating [6] and thus, ignition for �ne

fuels. Similarly, a signi�cant number of works on wildland �re spread assumed radi-

ation as the dominant heat transfer mode [9{17]. There are several reasons behind

this selection. First, isolated measurements of radiative and convective heating in a

propagating �re are lacking. Flow �eld measurements in large-scale �res are chal-

lenging and thus, limited towards understanding convective heat transfer. Second,

experiments that characterize the �ne-fuel particle ignition process are missing. Fi-

nally, for large-scale wildland �res, in particular for crown �res, it is argued that

the vertical buoyant force is so strong that the majority of the forward convection

is blocked.

These arguments have been challenged by others from both numerical and

experimental perspectives [6,18,19]. The most common �nding is that radiation is

insu�cient to heat adjacent �ne-fuel particles (0.02 � 0.025 m away from the 
ame

base) to the ignition temperature. Dupuy et al. [20] measured the radiant heat 
ux

10 cm ahead of a spreading �re with fuel beds made frompinus halepensisneedles. A

1.3 � 0.5 kW/m 2 and a 4.6� 0.6 kW/m 2 radiant heat 
ux were measured when the

heat 
ux gauge was placed perpendicular and parallel to the fuel beds, respectively.

Such a heating power is not enough to ignite the un-burned fuel. As this laboratory

scale experiment may not apply at larger scales, the role of radiation in �re spread

through discrete particles needs to be re-examined at multiple scales.
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1.2.2 Role of convection

The role of the convection in �re spread can be separated into convective cool-

ing and convective heating, depending on the temperature di�erence between the

fuel and the surrounding gases. As discussed in section 1.2.1, a heated �ne-fuel

particle is subject to convective cooling, which is caused by the low-temperature air


ow induced by the heated fuel. Although convective cooling has been considered

in wildland �re spread models [8, 19], the appropriateness of this term and its im-

plications have not yet been evaluated. Carefully designed experiments are needed

to examine the role of convective cooling on fuel particle ignition.

Given the fact that �res continue to spread with insu�cient radiation and

substantial convective cooling, it is reasonable to re-think the contributions of the

convective heating. Byram et al. [21] have concluded that `the nearly continuous

envelopment of the surface fuel for some distance ahead of the leading edge of the ac-

tive burning zone plus random 
ame contacts at greater distances ignite the surface

fuel'. In other words, it is impingement of the 
ame (or high-temperature plume)

that heats the fuel in the manner of convection. Convection could be dominant

considering the high-temperature combustion gas and the substantial velocity asso-

ciated with the propagating 
ame. The results of both small-scale and large-scale

experiments usingmatchstick, wooden dowel, excelsior, and laser-cutcardboard ar-

rays [18,22{26] have clearly demonstrated the dominant role of convection. However,

quanti�cation of the convection versus radiation in 
ame spread is still limited.

Singh et al. [27] directly measured the convective heat 
ux of vertical laminar
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wall 
ames (methanol and ethanol) using the local temperature gradient. A�

20 kW/m 2 convective heat 
ux from the 
ame to the wall was obtained, which is

more than 85% of the total heat 
ux. This is reasonable since the 
ame is less

sooty compared to the common wildland �res. Ju et al. [28] measured the radiative

and total heat 
uxes for turbulent wind-driven methane and propane �res, �nding

that the convective heat 
ux (total � radiative) is almost 60% higher than the

radiation. Similar measurements were also conducted for spreading �res. Silvani

and Morandini [29, 30] measured the radiative and total heat 
uxes of a spreading

�re over excelsior beds with inclination. Although they stated that the di�erence

between the total and radiation is not equal to the convection due to measurement

uncertainty, multiple surges of such di�erences were observed, being much higher

than radiation. The simultaneous occurrence of the surge of the total heat 
ux and

the fast spread of the 
ame leads to questions concerning the contribution of the

convective heating.

Aside from the inconclusive experimental research on the role of the convection,

the heating mechanics of convection in wildland �re scenario has not been fully

understood yet. Recent �ndings [26, 31, 32] on the convection dynamics indicate

that the previous time-averaged or uniformly heating concept may not be suitable

for modeling wildland �re spread. Coherent 
ame structures (see Fig. 1.4) have

been observed over a wide range of scales, ranging from saw toothed structures

in large-scale wind-driven wildland �res to coherent streamwise streaks in bench-

scale boundary-layer 
ame experiments. Experiments at smaller scales have shown

how coherent structures in laminar 
ames can modify heat transfer from 
ames
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Figure 1.4: Illustrations of 
ame dynamics and related 
ow instabilities observed
in experimental burns. Flame-zone buoyancy creates stream-wise vortex pairs that
alternately push 
ames up into peaks and down into troughs. Concave 
ame parcels
travel through the 
ame zone and burst intermittently forward through the troughs
to heat unignited fuels [26]

to downstream surfaces, by redistributing hot combustion gases [31, 32]. Large-

scale studies on spreading �res have identi�ed the production of intermittent high-

temperature 
uctuations ahead of spreading 
ame fronts [26], presumed to occur due

to the formation of counter-rotating vortices [33]. These �ndings a�rmed the three-

dimensional nature of many boundary-layer 
ames [34]. Physical processes re
ecting

these three-dimensional structures may have to be considered for the prediction of

wildland �re spread, where the traditional lumped heat transfer model is no longer
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suitable.

1.2.3 E�ect of topography

When �re spreads upslope, both radiation and convection can be enhanced

[20]. As the slope increases, �res tend to bend toward the uphill surface, mostly due

to a combination of buoyancy-induced 
ow and a `blockage' e�ect between the 
ame

and downstream surface. Such an e�ect elongates the 
ame height and reduces the

angle between the 
ames and the preheated fuel bed, thus resulting in an enhanced

radiant heat 
ux onto the fuel bed. As for convection, a `critical angle' often acts

as a threshold that separates the convective cooling and heating. Fuel ahead of the


ame is cooled by the air entertainment when the slope is low. Once the slope is

higher than the `critical angle', the hot combustion gas dominates the 
ow, and thus

heating the unburnt fuel through convection. In summary, the inclination angle of

the slope may determine the dominate heating mode.

1.3 Challenges, Motivation, and Scope

To examine the aforementioned physical processes, experiments are needed.

However, the hostile �re environment makes it di�cult to conduct detailed exper-

iments that measure and describe common thermal phenomena in many of these

con�gurations. Diagnostic techniques used for low-temperature measurements are

no longer suitable. On the other hand, local gas temperatures, 
ow velocities, sub-

scale 
ame structures, and other detailed �re properties are needed for the charac-
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terization of these physical phenomena and future wildland �re model development.

Towards that purpose, the development of new methodologies and techniques is

needed.

This dissertation aims to develop new methodologies and techniques to provide

improved insight into the �re heat transfer processes and establish validation dataset

for �re model evaluation. Experiments were ultimately conducted to characterize

the thermal and 
uid structures of three canonical �res: a buoyant-driven 
ame, a

wind-driven 
ame, and an inclined 
ame.

The �rst experiment applied a dual-thermocouple technique to turbulent buoy-

ant 
ame measurements with newly developed uncertainty analysis method. A 15

kW turbulent buoyant di�usion 
ame was established over a round gas burner with

a 13.7 cm inner diameter at FM Global's laboratory. A dual-thermocouple probe,

consisting of two �ne-wire thermocouples with 25� m and 50� m wire diameters, was

used to determine a compensated turbulent gas temperature. Flame temperatures

including the mean, root-mean square (rms) and probability density function were

obtained in a two-dimensional plane across the 
ame centerline. These temperature

measurements, alongside existing data such as the radiant power distribution, local

soot volume fraction and soot temperature, as well as future gas velocity measure-

ments will provide a detailed dataset of this 
ame for validation and development

of radiation models.

The second experiment, performed at the University of Maryland, investigated

convective heat transfer from a wind-driven 
ame under the e�ect of freestream

turbulence. An image analysis technique was developed to extract the sub-scale
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ame structures: 
ame streaks and troughs. A wind-driven �re experiment was

conducted with the 
ame being disturbed by freestream turbulence. Homogeneous

grid-generated turbulence was produced in a wind tunnel via a perforated grid; the

corresponding turbulence intensity was adjusted through varying the grid size. Local


ame coherent structures re
ecting the heat transfer processes, in particular, the

generation of streamwise streaks, as well as the corresponding streak spacing, and

streak time scale were evaluated under di�erent turbulence intensities. Meanwhile,

the 
ame's overall attachment length and heat 
ux to the surface were captured to

illustrate the global in
uence of freestream turbulence.

The third experiment developed a temperature-correlation velocimetry tech-

nique (TCV) to examined the thermal structure and 
ow dynamics of inclined �res.

The experimental data was privoded by the USDA Forest Service Missoula Fire

Sciences Laboratory. A 10 kW partially premixed propane 
ame was �rst produced

over a small tilt table. Shadowgraph images were taken to illustrate the motion of

the 
ow governing the resulting inclined �re plume. Large-scale �re tests with heat-

release rates ranging from 81 kW to 2.25 MW were also conducted over a large tilt

table. The fundamental relationships that govern the coupling e�ect among slope,

�re intensity and �re-induced 
ow were investigated. Meanwhile, this experiment

aims to provide additional 
ow velocity measurements for the 
ame characteriza-

tion of inclined line �res. Using cross-correlation velocimetry, the 
ow velocity was

derived from the temporal temperature pro�les of a thermocouple array. Finally,

a generalized relationship was proposed to correlate the mean 
ow velocity in the


ame zone using the �re intensity and angle of inclination.
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Chapter 2: Buoyant-driven Turbulent Di�usion Flame

This chapter investigates the thermal structure of a turbulent buoyant ethylene

di�usion 
ame. In alignment with the IAFSS Working Group on Measurement and

Computation of Fire Phenomena (i.e., the MaCFP Working Group), a detailed

temperature dataset for theFlame Extinction target case under theGas Phase

Phenomena Subgroupwas sought. Medium-scale, 15 kW ethylene di�usion 
ames

are produced using a 15.2 cm round water-cooled burner with a controlled co-
ow at

FM Global's laboratory [35]. Local gas temperatures were measured using a dual-

thermocouple (dual-TC) probe made with two type-S �ne-wire thermocouples. This

test case is intended to provide a dataset to validate soot and radiation models in

buoyant 
ames. The radiative characteristics, including radiant power distribution,

local soot volume fraction and soot temperature under normal and reduced-oxygen

conditions have been reported in [35,36]. Here, temperature measurements including

local mean, root-mean square (rms) 
uctuation, and probability distribution pro�les

are presented, which are necessary for future development of this validation dataset.
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2.1 Introduction

Fire modeling has become a critical tool in �re science, used in both research

and applied design scenarios. Two large-eddy simulation (LES)-based models in

particular are commonly used in the �eld, FireFOAM [37,38] and the Fire Dynam-

ics Simulator (FDS) [39]. Fundamental physical and chemical models are integrated

into these computational codes to capture multi-physics, multi-scale �re dynamics

including a combination of chemical reactions, turbulent mixing, thermal and 
uid

dynamics. In order to use these models for research or applied scenarios, valida-

tion must occur both for realistic scenarios and of underlying physical models used

in simulations. In order to perform such validations, high accuracy experimental

datasets are needed.

The gas-phase temperature serves as an important �re characteristic, as it

provides a direct scalar comparison with computational results. However, the tur-

bulent reactive 
ow �eld in �res makes it challenging to obtain time-resolved tem-

perature information. To date, researchers have used thermocouples, thin-�lament

pyrometry, multi-color optical probes and coherent anti-Stokes Raman scattering

(CARS) thermometry to measure local gas temperatures in various con�gurations.

CARS [40] appears to be the most unobtrusive way to measure local gas tempera-

ture without modifying the 
ame; however, the complex experimental setup requires

an extensive investment and considerable calibration. Thin-�lament pyrometry has

also been successfully applied on both a methanol pool �re and a blue whirl [41{43];

however, this technique is limited to soot-free 
ames which don't re
ect most practi-
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cal scenarios. Multi-color optical probes feature simultaneous soot volume fraction

and temperature measurements, however only soot, not gas temperature can be

detected [35]. Thermocouples, on the other hand, have been widely used for high

temperature measurements [44{46]; however, physical and mathematical models

need to be employed to account for the thermal inertia of the thermocouple bead

under turbulent, 
uctuating �re conditions.

Several methods have been proposed to compensate for the thermal inertial

e�ect and reconstruct the true local temperature from raw thermocouple read-

ings [47{56]. The frequency response of a thermocouple, in principle, is a �rst-order

lag system and can be compensated for using a �rst-order coe�cient, namely a time

constant. For a steady combustion process, the mean time constant of a thermocou-

ple bead can be determined using an electrical heating method [50]. However, the

dramatic 
uctuations in both temperature and velocity in a �re environment leads

to a varying time constant, where use of a mean value might lead to both over- and

under-compensation of temperature signals. Measurement of the instantaneous time

constant in turbulent conditions can be extremely di�cult as it is a function of the

local temperature and velocity, requiring synchronized measurements [51]. Previ-

ously, a dual-thermocouple technique has been proposed to estimate the 
uctuating

time constant without direct measurement of velocity [52{54]. This technique relies

on assumption of �xed bead sizes of the thermocouples, which may change in sooty

environments, ultimately introducing large errors [52]. Further improvements of the

dual-thermocouple technique show a possible application in sooty 
ames, as the in-

stantaneous time constant can be estimated without assuming bead diameters, only
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incorporating diameters to compensate for radiant losses [55,56].

2.2 Experimental setup

2.2.1 Water-cooled enclosure and gas burner

A 1.22 by 1.22 m2 wide, 1.83 m tall water-cooled enclosure [35] with matte

black interior walls was employed to conduct turbulent buoyant di�usion 
ame ex-

periments, as show in Fig. 2.1. Air co-
ow was supplied by a rotameter at a 
ow rate

of � 43 L/s, which provides more than 10 times the stoichiometric oxidant require-

ment of the fuel. To ensure a uniform co-
ow, a 
ow distribution section consisted

of several screens and a layer of 3.81 cm sand (� 0.07 cm diameter) was installed

at the bottom of the enclosure. During each test, products of the combustion were

discharged through an exhaust duct at the top of the enclosure.

A buoyancy-driven turbulent di�usion 
ame was established on a water-cooled

round gas burner with a 15.2 cm outer diameter (D) and a 13.7 cm inner diameter.

Chemically pure ethylene (> 99.9 %) was fed through a mass 
ow controller (Sierra

C100M-DD-3-OV1-SV1-PV2-S0) to the burner with a 15 kW theoretical heat release

rate (HRR). Before reaching the burner surface, fuel passes through a honeycomb

with a 0.32 cm cell size and 2 cm thickness followed by two layers of coarse and �ne

steel beads (with a 2.54 cm thick layer of 0.48 cm diameter beads and a 2.54 cm

thick layer of 0.31 cm diameter beads, respectively) to assure a uniform exit 
ow

velocity. During each test, the water-cooled burner surface remains at about 353 K.
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Figure 2.1: Gaseous round burner setup in a water-cooled enclosure.

2.2.2 Thermocouples

2.2.2.1 Thermocouple calibration

For a given temperature, a thermocouple outputs a voltage signal. To convert

the voltage signal to temperature reading, a NIST conversion table is used [57]. A

type-S micro-thermocouple with a 25� m wire diameter (� 88 � m bead diameter)

was calibrated against a black-body (IR-301 Controller), with a black-body tem-

perature ranges from 1073 K to 1473 K. The results are displayed in Fig. 2.2. A

maximum of 9 K di�erence is observed between the black-body temperature and

the thermocouple measured temperature, with a relative error less than 0.6%.
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Figure 2.2: Thermocouple calibration

2.2.2.2 Dual thermocouple

The dual-thermocouple pair was made with two type-S thermocouples, with

25 � m and 50 � m wire diameters (Omega Engineering, P10R-001 and P10R-002).

The corresponding average bead diameters are measured as 88� m and 126 � m,

respectively, using a microscope. The thermocouple wires were supported by a

single 1.6 mm diameter twin bore ceramic cylinder (Omega Engineering, TRX-

164116) with a� 8 mm length of thermocouple wire exposed. Analysis of the single-

thermocouple method was performed using the data of the 25� m wire diameter

thermocouple.
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2.3 Single- and dual-thermocouple techniques

2.3.1 Single thermocouple method

A energy balance for a single thermocouple (Single-TC) bead under an un-

steady turbulent 
ame with negligible conduction to lead wires can be written as

mcp
dTth

dt
= A[(Tg � Tth )h � ��T 4

th + " _q00
rad ]; (2.1)

where the left-hand side (LHS) of the equation represents the energy change of

the thermocouple bead, m is the bead mass (kg),cp is the bead heat capacity

(Jkg� 1K � 1), and Tth is the thermocouple bead temperature (K). The right-hand

side (RHS) includes convective heating/cooling, radiant heat losses from the bead,

and radiant heat absorption of bead from the surrounding �re, respectively. Heat

absorption from the ambient air is su�ciently small and is ignored. Here,A is the

bead area (m2), Tg is the local gas temperature (K),h is the heat-transfer coe�cient

(Wm � 2K � 1), " is the bead emissivity (assumed to be 0.95 for soot-coated bead), and

_q00
rad is the radiant heat 
ux (W =m2) from the surrounding �re. Eq. 2.1 can be re-

written with Tg on the LHS,

Tg = Tth +
V
A

�c p

h
dTth

dt
+

1
h

("�T 4
th � � _q00

rad ) (2.2)

whereh can be calculated as (Nukg)=d, with Nu representing the Nusselt number,

kg being the temperature-dependent thermal conductivity (Wm� 1K � 1) of gas, andd
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being the thermocouple bead diameter (m). Further,V=A represents the inverse of

a surface to volume ratio of a thermocouple bead and� is the bead density (kg=m3).

According to observations of thermocouples used in this study using a microscope,

a spherical structure is assumed for the thermocouple beads, providingV=A = d=6.

In some previous studies a cylindrical structure is also used [48, 55], resulting in

V=A = d=4. Substituting the above parameters into Eq. 2.2 provides

Tg = Tth +
�c pd2

6Nukg

dTth

dt
+

d
Nukg

("�T 4
th � " _q00

rad ); (2.3)

where

Nu = 2 + 0 :6Re0:5Pr0:4 (2.4)

and

� =
�c pd2

6Nukg
: (2.5)

Using a Nu correlation for 
ow around a sphere [58] from Eq. 2.4, where Re

is the Reynolds number (Ud=� , where � is the kinematic viscosity of the 
uid in

m2=s), and Pr is the Prandtl number (�=� , where � is the thermal di�usivity of

the 
uid in m 2=s), the time constant can be calculated using Eq. 2.5, ultimately

becoming a strong function of local gas velocity, temperature and bead diameter,

i.e., � = f (U; Tg; d). The local gas temperature in Eq. 2.3 can then be solved after

accounting for any additional external _q00
rad .

In practice, the complex geometry of the thermocouple bead and wire com-

bination leads to large uncertainties in bead diameter. Especially for sooty 
ames,
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soot deposits on the thermocouple bead due to thermophoresis and leads to growth

of the bead size throughout the duration of measurements. To determine the in
u-

ence of this phenomena on measured temperatures and response rates, a sensitivity

and uncertainty study was conducted. A temperature signal sampled in the 
ame

centerline at a height of 2.5D was used. Normalized sensitivitys(Tg;i ) and absolute

uncertainty valuesu(Tg;i ) were calculated using following equations [59,60],

s(Tg;i ) =
x i

Tg;i

@Tg;i

@xi
; (2.6)

u(Tg;i ) = � x i
@Tg;i

@xi
; (2.7)

where x i is the input variable at step i and � x i is the uncertainty of any input

parameter x i . Fig. 2.3(a) shows the sensitivities of the time-resolved compensated

Tg signal to the measured parameters. We can seeTg is very sensitive to the original

thermocouple output temperatureTth and bead diameter d, and less sensitive to the

local gas velocityU and radiant heat 
ux _q00
rad .

In experiments, the relative uncertainty ofTth is relative small, estimated to

be � 0.60% for a type-S thermocouple and associated data acquisition system, thus

the overall Tg uncertainty is � 22 K within a 95% con�dence interval (CI) in the


ame, shown in Fig. 2.3(b). For velocity measurements, a 1.4 m=s 
ow velocity

has been used based on previous measurement at FM Global using particle image

velocimetry (PIV). A 20% measurement uncertainty is assigned in this analysis due

to the 
uctuating �re environment, with a resulting uncertainty of � 14 K at 95%
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CI. For a small thermocouple bead, the e�ect of radiant heat 
ux on the temperature

correction can usually be ignored. In the present work, with a 15 kW ethylene 
ame

approximately 0.7 m in height and 0.152 m in diameter, the radiant heat 
ux to a

thermocouple bead at the 
ame centerline and a height of 2.5D, may be as high as

45 kW=m2, see Appendix A. This external radiant heat 
ux results in an uncertainty

ranging from � 28 K to � 16 K in a 95% CI for the 25� m diameter wire (88� m

bead diameter). The bead diameter, on the other hand, is conservatively estimated

to change only 20%, even though soot deposition may cause even more signi�cant

changes. The resulting uncertainty reaches� 199 K to 297 K in a 95% CI. The

preceding analysis demonstrates that the single-TC compensation method is most

sensitive to thermocouple bead diameter, with inaccurate bead size measurements

leading to large temperature uncertainty, which may be exacerbated in sooty 
ames.

Notice that the thermocouple bead emissivity was treated as soot emissivity

according to the experimental observation. If considering an emissivity of the ther-

mocouple material (platinum-10% rhodium), e.g., �" � 0.158 for aTg = 1200 K [61],

uncertainties of measurement change to� 21 K for the thermocouple and data ac-

quisition system, � 13 K for the 
ow measurement uncertainty, -5 to -3 K for the

external radiant heat 
ux, and - 206K to 294 K for the thermocouple bead diameter

uncertainty. The uncertainty caused by the external radiant heat 
ux dramatically

decreases for a clean bead surface.
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Figure 2.3: Time-resolved sensitivities (s) and uncertainties (u) of single-TC
method: (a) NormalizedTg sensitivities, (b) AbsoluteTg uncertainties.

2.3.2 Dual-thermocouple method

A dual-thermocouple (Dual-TC) method has been proposed by Tagawa and

Oath [55] to compensate the local gas temperature which is less a�ected by the

geometrical features of the thermocouple beads. The basic assumption is that, by
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putting two �ne-wire thermocouple beads close together, typically smaller than the

characteristic length of the 
ow, both thermocouples are under identical surrounding

conditions. To �nd a desirable value, separation distances ranging from 0.4 to

3.8 mm were tested using two thermocouples made with 50� m wire diameter. A

15 cm diameter methanol pool �re was selected to minimize any a�ects caused by

soot deposition. An example of the measured temperatures by this special dual-

TC with a 0.4 mm separation distance is plotted in Fig. 2.4(a). Both signals

are able to re
ect the same temperature 
uctuations and almost overlap with each

other. Disagreements are observed at peaks and troughs of the temperature signals,

which could be caused by the slightly di�erent bead size (� 7% calculated using

current data) of the two 50� m thermocouples and the minimal spatial distance. To

evaluate the similarity between the measured temperature signals, cross-correlation

coe�cients of the temperature 
uctuations, R12, were calculated as Eq. 2.8

R12 =
T0

th 1T0
th 2

(T0
th 1 T0

th 2)0:5
: (2.8)

Results are displayed in Fig. 2.4(b). AnR12 between 0.98 to 0.99 is obtained

when the separation distance is smaller than 1 mm, indicating the strong similarity

between these two temperature signals. Beyond this distance, a clear decreasing

trend in R12 is observed when increasing the separation distance, indicating that

signals start to deviate from each other. In this work, a 0.5 mm spatial distance is

selected to ensure both thermocouples are exposed to nearly identical thermal �eld

conditions, resulting in a cross-correlation coe�cient larger than 0.99 for most of
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(a)

(b)

Figure 2.4: (a) Temperature di�erence between two 50� m type-S TC vs. TC tip
spatial distance, (b) cross-correlation of TC signals

the experimental tests.
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The following two equations are then formed for two thermocouples,

Tg1 = Tth 1 + � 1(
dTth 1

dt
�

6
�c p

)(
" _q00

rad � "�T 4
th 1

d1
) (2.9)

Tg2 = Tth 2 + � 2(
dTth 2

dt
�

6
�c p

)(
" _q00

rad � "�T 4
th 2

d1
); (2.10)

where the subscripts 1 and 2 denote two thermocouples with wire diameters ofd1

(25 � m) and d2 (50 � m), respectively. Assuming identical surrounding conditions,

Tg1 = Tg2 = Tg; (2.11)

which implies that both compensated temperatures should equal the true local gas

temperature. Equation 2.11 holds true for all temperature pairs; therefore, the

problem is reduced to �nding � 1 and � 2 to satisfy Eq. 2.11 for temperature pairs

measured at all times. Assuming there are a total ofN pairs of measurements,N

of Eq. 2.9 and Eq. 2.10 can be solved for by �nding� 1 and � 2 to minimize Eq. 2.12

using a least-squares method

e =
P N

1 jTg1 � Tg2j
N

(2.12)

Rewrite Eq. 2.12 using Eqs. 2.9 and 2.10, we have

e =
X

(� T21)2 + �� 2
1

� X
G1

2
�

+ �� 2
2

� X
G2

2
�

� 2�� 1

� X
G1� T21

�

+2�� 2

� X
G2� T21

�
� 2�� 1 �� 2

� X
G1G2

� (2.13)
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The minimum of the e is found by setting the gradient to zero,

@e
@�� 1

= 0;

@e
@�� 2

= 0:

(2.14)

The resulting time constants are calculated as

�� 1 =

� P
G2

2
�� P

G1� T21

�
�

� P
G1G2

�� P
G2� T21

�

� P
G1

2
�� P

G2
2
�

�
� P

G1G2

� 2 ;

�� 2 =

� P
G1G2

�� P
G1� T21

�
�

� P
G1

2
�� P

G2� T21

�

� P
G1

2
�� P

G2
2
�

�
� P

G1G2

� 2 :

(2.15)

The duration over whichN pairs of temperature signals are acquired is de�ned

as the time window. In order to include su�cient data points to evaluate� 1 and � 2,

a time window needs to be selected that is large enough to re
ect the heat transfer

process but, ideally, small enough to resolve turbulent 
uctuations. Moreover, the

signal to noise ratio (SNR) of the turbulent 
ame temperature also requires a suf-

�cient large time window to smooth out the random measurement noise. Selection

of a time window that is too short may amplify the noise, which could result in un-

realistic time constants. Previous literature [55,56] suggest a time window selection

between 1.5� 3.0 times of the mean time constant of the thinner thermocouple. In

the present work, a 0.06 s (� 4�� 1, where �� 1 is the mean time constant of the 25� m

wire thermocouple) time window was used. The mean time constant �� 1 was obtained

through use of all temperature pairs (i.e. a 60 s signal with a 5 kHz sampling rate,

totaling 300,000 data points).
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The advantage of this dual-TC scheme is that the thermocouple diameters are

only used to calculate the radiant loss term, which results in less uncertainty. Mea-

sured velocities are no longer needed, which makes the experiments more convenient

and cost e�ective. Sensitivity and uncertainty analyses were conducted to evaluate

the e�ect of the bead diameter. Fig. 2.5(a) shows the sensitivities and uncertainties

of the two thermocouple beads. Compared with the single-TC method,Tg is much

less sensitive to the bead diameter. A 20% increase in diameter leads to only a { 25

K to 8 K uncertainty at a 95% CI, which is much less than the uncertainties induced

by the single TC method. The temperature compensation contributed by di�erent

terms in Eq. 8 is plotted in Fig. 2.5(b). As shown, the most important term is

�dT th =dt, which represents the contribution of convective heating, while the radiant

heat loss term,� (6"�T 4
th =�cpd), plays a secondary role. For the radiant absorption

term, � (� 6" _q00
rad =�cpd)), a 45 kW=m2 heat 
ux leads to a temperature compensation

ranging from - 31 K to - 2 K in a 95% CI. Considering the uncertainties caused by

a 0.25% data acquisition error, a 20% bead size change, and a 45 kW=m2 external

radiant heat 
ux, the overall uncertainty on the compensated local hot gas temper-

ature Tg was estimated at� 41 K. Notice that the overall uncertainty can decrease

to � 23 K for soot-free condition wheree � 0.158 atTg = 1200 K.
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