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Abstract 

The hazard associated with crude oil spills has been a major environmental concern as the 

increasing demands of offshore drilling and oil tanker transport in recent decades. The burning of 

hydrocarbon liquid fuel floating on water has been a problem of great interest, as it forms the 

theoretical basis of the oil spill clean-up technique called in-situ burning (ISB). To understand the 

burning behavior of such configuration, this study analyzes the problem of a floating liquid fuel 

on wavy water by introducing a bench-scale platform capable of simulating ocean-like turbulent 

conditions in a controllable fashion. Further, this study investigates the application of an immersed 

conductive metal for burning enhancement under turbulent conditions. 

A series of lab-scale experiments are designed to systematically investigate the fuel layer burning 

with the turbulent water sublayer and the immersed metal object. The first set of experiment studies 

the subcooled nucleate boiling using an electrically heated thin nichrome wire in a dodecane layer 

that sits on a turbulence water surface. The surface turbulence is generated by a confined-jet 

cylinder platform. Four stages of bubble behaviors are observed characterizing different regions 

of the nucleate boiling curve. They are, respectively: sweeping stage, bouncing and merging stage, 

hanging stage, and film boiling stage. Bubble departure frequency (BDF) and critical heat flux 

(CHF) increase as a function of turbulence intensity represented by root-mean-square (RMS) 

velocity. Bubble departure size decreases as a function of turbulence RMS velocity. Bubble 

propulsion mechanism is dominated by two competing factors: Marangoni force and 

thermocapillary convection. Both are subject to the impact of turbulent eddies, which facilitates 

the bubble lift-off, and improves the heat transfer performance. 

The second set of experiments are conducted to understand the influence of surface turbulence on 

the crude oil slick burning on a water bath. As the turbulence intensity increases, a mitigated 

burning process with smaller flame height and boilover behavior is observed. The thermocouple 

array measurements indicate that the water sublayer cannot develop temperature gradients even at 

the low level of turbulence intensity at 𝑢′ = 0.017 m/s. The heat reaching the water is instantly 

taken away because of the turbulent mixing thus facilitating the heat loss of the oil slick, which 

causes a reduction in MLR up to 34% at 𝑢′ = 0.033 m/s compared to baseline. The convective 

heat transfer coefficient in the water sublayer is obtained by matching the one-dimensional 
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conduction model to the measurement data and has the values of ℎ𝑐𝑜𝑛𝑣 = 78, 93, 125 W/m2 

corresponding to turbulence intensity 𝑢′ = 0.017, 0.025, 0.033 m/s. The heat and mass transfer 

characteristics during the oil slick burning are highly related and both are subject to the impact of 

the presence of turbulence in the water sublayer.  

The final sets of the experiments study the heptane and dodecane layer burning on a turbulence 

water surface with an immersed copper rod. Under zero turbulence condition (𝑢′ = 0 m/s), the 

fuel layer burning rate is noticeably affected by the fuel type, or more specifically, the boiling 

point of the fuel compared to the water boiling point. The dodecane layer (boiling point of 216 °C) 

burning cases has nucleate boiling on the rod’s surface in the water sublayer, while the nucleate 

boiling occurs on the rod’s surface within the fuel layer in heptane layer (boiling point of 98 °C) 

burning cases. The different nucleate boiling region causes suppression and facilitation on the 

dodecane and heptane burning rate respectively. The heat transfer by bubble generation is 

estimated by bubble counting using highspeed image processing. While the nucleate boiling is not 

observed for both types of fuel on the rod’s surface under turbulence conditions (𝑢′ = 0.017 and 

0.033 m/s), the suppression and facilitation effects by bubbles in no turbulence condition are no 

longer in consideration, and the convective heat loss at the water interface become a major factor. 

For each burning configuration, a burning rate formulation coupled with experimental results is 

used to capture the details in the heat and mass transfer features.  

Finally, a theoretical analysis on the effects of multiple copper rods placement is studied using the 

measurement data adopted from the experiments. The results predict an over 300% increase for 

dodecane burning rate when 4 copper rods with diameter of 10 mm are immersed in the fuel layer 

under turbulence intensity of 𝑢′ = 0.03 m/s. For heptane burning cases, the burning rate increases 

to more than 400% the baseline when 3 rods are immersed in the fuel slick. This analysis provides 

a reasonable engineering basis to determine the number of the copper rods required for the Flame 

RefluxerTM design to achieve a certain level of enhancement.  
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surf                Fuel surface 

W                  Water sublayer 

+                    Immediately above the interface 

−                   Immediately beneath the interface 
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Chapter 1: Introduction 

1.1 In-situ burning  

Oil spills have been some of the most challenging accidents harming the environment and natural 

reserves. Even today and foreseeable future, the increasing demand for fossil fuel around the globe 

forces us to be faced with this painstaking process to clean up the spilled oil. In 2010, the 

Deepwater Horizon oil spill constituted an ecosystem-level injury in the northern Gulf of Mexico 

where 3.19 million barrels of oil (50,000 m3) were released into the ocean [1]. Over the years, in-

situ burning (ISB) has become an accepted disposal method for spill clean-up [2–4].  During the 

Deepwater Horizon accident, 411 separate ISB events consumed up to 310,000 barrels of floating 

crude oil [5]. However, the average regression rate for large-size pool fire is only about 3.5 

mm/min [6], which is low compare to the clean-up capacity of a major spill accident. In addition, 

because of the ocean being a massive heat sink, the burning efficiency is affected by the 

insufficient temperature of the burning oil slick. In the conventional ISB process, the heat feedback 

from the flame zone is limited due to the buoyancy-induced convection (thermal plume) and 

radiation loss to the ambient [7]. Only a small amount of the heating energy is captured by the fuel 

layer for vaporization and combustion [8].  

The earlier studies on the combustion of crude and fuel oils on water bed were focused since the 

1970s as a tool to mitigate spill accidents [9–16]. Works done by Blinov and Khudyakov [6] 

demonstrated a thoroughly experimental analysis covering multiple aspects of liquid pool burnings, 

which included ignition, burning rate, flame spread, water effects, extinction, etc. The work of 

Thompson et al. [9] set down the guideline that attempted to analyze the process of oil spill burning, 

which provided the perspective of using ISB as the response to spill accidents in practice. A review 

by Evans et al. [17] introduced the ISB related research conducted by the National Institute of 

Standards and Technology (NIST) to understand and predict the important features of burning oil 

on water. In addition to ISB large field experiments, smaller scale pool fires were also conducted, 

which allowed closer observations and finer measurements. Arai et al. [18] analyzed pool fires of 

liquid fuel floating on water bed with pool diameters varying from 4.8, 9.8, and 20.3 cm. The 

results showed that for a small pool fire system, the boiling of the water sublayer during boilover 
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would cause a decrease in both flame height and mass burning rate with the process of combustion, 

while the large pool fires showed opposite results. Garo et al. [19] studied the boilover burning of 

oil on a 15 cm water pan. The results indicated that the boilover intensity appeared related to the 

initial oil-layer thickness and pan diameter. Discussions were elevated to the macro-scale: surface 

tension effects, and growth and expansion of the water bubble at the nucleation sites. A 1-D heat 

conduction model was calculated to compare with experimental temperature distribution history. 

They included the effect of the fuel boiling point in the following study [20], where a transparent 

pyrex pan was used and with the help of a video camera illuminated by a laser sheet, the 

visualization of the burning fuel slick was made possible. Based on those works, Torero et al. [21] 

provided a more complete engineering model to the complex ISB process. Their analytical 

expression described the effects of pool diameter and initial fuel layer thickness, and a 1-D 

conduction model was developed to model thermal diffusion in both fuel and water layers. The 

experiments showed that only a small fraction (the order of 1%) of heat released by the flame is 

retained by the fuel layer and water bath. These pioneer research paved the way to study ISB and 

showed that the key challenge of this process is the limited heat feedback from the flame to fuel 

layers. 

1.2 Conductive objects in pool fire 

The idea of altering the thermal coupling effects in pool fires by a simple placement of conductive 

objects started to grow in recent years. Some early studies [6,22–24] have investigated the effects 

of nearby or flame-engulfed objects on pool fires. However, in all studies, the object was analyzed 

only be the flames and not in contact with the liquid. The primary purpose of these studies was to 

analyze the structural response of for example an airplane fuselage engulfed by a pool fire. 

Recently, a novel experimental approach to enhance the burning of oil-water emulsions by 

immersed objects (Flame RefluxerTM) was introduced by Rangwala et al. [25], where the hexane 

burning rate in a 0.1 m pan was increased up to 10 times and 6 times in 1 m pan respectively. The 

concept was followed by other researchers and was the fundamental inspiration of this work. Sezer 

et al. [26,27] developed a computational model to predict the mass loss rate of the pool fires with 

thermally conductive objects and metal mesh blankets. Arsava et al. [28–30] further studied the 

ISB enhancement concept using a copper porous mesh to heat the oil layer with conical copper 

coils to collect heat from the flame. The ISB experiments on a thin slick of crude oil resting on 
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water achieved an efficiency of ~400% above baseline in 0.28 m pan and 500-700% in a 1.2 m 

pan. As a key to enhance the burning rate is to find a way to direct the heat from the flame zone 

back into the burning oil layer. The formation of nucleating bubbles at the immersed FR surface 

is believed to be essential for the mass and heat transfer enhancement in a pool fire [31]. As 

additional fuel vapor is directly released into the flame upon bubble bursting at the fuel surface, 

this mechanism is very similar to the burning facilitation because of boilover [18–21]. While 

boilover requires a certain level of superheated water sublayer to occur, the advantage of FR is 

that the enhancement can take place throughout the entire burn. Because the metal FR surface 

temperature can easily reach the fuel’s boiling temperature, once the onset of nucleation occurs 

the heat feedback circle through the immersed object will be further boosted with increased boiling 

heat transfer coefficient. However, the gap between the nucleating bubbles and the theoretical 

model was not completely understood. The current work will connect bubbles’ nucleation latent 

energy with the mass transfer number in a more precise fashion. Besides, the turbulence effect will 

be included to match with the real ISB environment. 

1.3 Ocean turbulence  

Turbulence is the dominant physical process in the transfer of momentum and heat, and in 

dispersing small particles in the natural water resources. Ocean turbulence is similar to the 

turbulence in other naturally occurring fluid motions and in flows generated in engineering 

applications. The sea surface is covered by wind-driven waves [32], injecting momentum into the 

underlaying sea water. The water immediately below the surface is generally in the state of 

irregular motion that is refer to as “turbulence” [33]. The turbulence in the ocean surface layer is 

a medium in the transfer of momentum, heat, freshwater, particulates, and gases between the ocean 

and atmosphere [34]. 

In the 1940s, Kolmogorov hypothesized that the distribution of eddy sizes should depend on only 

two parameters: the dissipation rate and the viscosity. Thus, for all types of turbulence, from flow 

over a wing to convection in the interior of the planet, appear as manifestations of a single process 

whose form depends only on the viscosity of the fluid and the rate at which energy cascades 

towards smaller scales [35]. This is generally regarded as the beginning of the modern era of 
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turbulence theory. The energy cascade concept was also brought up early in the 1922 by 

Richardson who immortalized his idea in the verse quoted as: 

“Big whorls have little whorls 

That feed on their velocity 

And little whorls have lesser whorls 

And so on to viscosity” 

1.4 Lab-scale turbulence platform 

The generation of controllable lab-scale turbulence has been a great demand as it is the foundation 

of various studies related to dynamic water conditions. Such as the study of particle sediment in a 

river bed [36], the evaporation rate of liquid natural gas during transport [37] and so on. For in-

situ burning process, the fuel slick is directly under the effects of the turbulent water sublayer. To 

carefully examine such effects, a structurally simplified type of turbulence, also referred to as 

isotropic turbulence is applied in this work. Isotropic turbulence is an ideal version of realistic 

turbulence, but it is suitable for analytical studies. The experimental platform used in this work is 

motivated by the studies using upward confined jet to generate surface isotropic turbulence [36–

40] due to its applicability during a pool fire. Based on the theoretical study [41] on the structure 

of an axisymmetric confined jet, the jet boundary would fill the cylindrical cross-section when the 

distance from the jet nozzle was more than three times the confinement diameter. After this 

distance, the turbulent velocity fluctuations began to dominate over the mean circulatory velocity. 

Sonin et al. [38] applied the confined jet configuration to generated isotropic surface turbulence, 

and polypropylene spheres were used to trace the turbulent surface for velocity fluctuation 

measurements. More accurate measurement techniques such as Laser Doppler Velocimetry (LDV) 

by Brown et al. [39] and Particle Image Velocimetry (PIV) by Khoo et al. [42] were used to verify 

the isotropic characteristics of the surface turbulence using a similar setup. The results showed that 

the turbulence velocity components in vertical and horizontal directions become nearly uniform or 

isotropic in a horizontal plane above three times the confinement diameter. This zone of isotropic 

turbulence is an ideal experimental platform to analyze the role of turbulence on pool fires coupled 

with sub-cool nucleate boiling. The turbulence can be controlled by adjusting the velocity levels 



20 

 

at the nozzle so that turbulence corresponding to open water resources can be obtained in a 

laboratory environment. In this work, PIV is used to measure the surface region turbulence and 

the results are compared with the natural water resources turbulence data. The studies on bubble 

behaviors (departure frequency, bubble size, bubble dynamics) in such pool fire configuration are 

very limited, and to add turbulence at the surface region has never been looked into. 

1.5 Research objectives 

Figure 1. 1: Schematic of experimental Stage 1, 2, and 3. 

This study analyzes the problem of a floating liquid fuel on wavy water by introducing a bench-

scale platform capable of simulating ocean-like turbulent conditions in a controllable fashion. 

Further, this study investigates the application of an immersed conductive metal for burning 

enhancement under turbulent conditions. Previous studies have shown that by placing metal 

objects between the flame and fuel layer, the sustained nucleate boiling at the immersed metal 

section would facilitate the heat and mass transfer and eventually faster burnout of the floating fuel 

layer. However, the behavior of the bubbles and their interaction with a turbulent field induced by 

the action of waves for example remains unexplored. As shown in Figure 1.1, this study peels of 

the complexity stage by stage and analyzes the problem with 3 experiment stages: 1) Subcooled 

nucleate boiling experiments using thin nichrome wire in dodecane layer in Chapter 2, 2) Crude 

oil slick burning in Chapter 3, and 3) Heptane and dodecane fuel slick burning with an immersed 

copper rod in Chapter 4.  

Dodecane Crude oil Heptane/Dodecane 
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Figure 1.2 shows a floating fuel slick pool fire with an immersed copper rod. Both fuel and water 

layers are made turbulent. The bottom of the copper rod reaches into the water so that the collected 

heat is dissipated into fuel (𝑄̇𝑒,𝑓𝑢𝑒𝑙) and water (𝑄̇𝑒,𝑤𝑎𝑡𝑒𝑟) as external heat sources to different liquid 

layers.  

                              

Figure 1. 2: Schematic of the floating fuel layer burning on water with immersed copper 

rod and turbulence. 

The study of the burning rate under such complex settings, the experiment will start with the 

baseline condition which is fuel slick burning without immersed copper rod and turbulence. Then 

process to fuel slick burning with the copper rod but without turbulence. They pave the way to the 

final phase which is to have the copper rod and turbulence together. The initial fuel thickness and 

rod position will be constant throughout the whole study. The varying parameters are rod diameter, 

fuel type, and turbulence strength. The following questions will be answered: 

1. What is the influence of turbulence on sub-cooled nucleate boiling heat transfer and how 

does the bubble behavior vary? 

2. How will turbulence affect the burning of floating oil slick? 

3. Which parameters (turbulence strength, copper rod diameter) are influential in determining 

the burning rate of the fuel slick? How to model the mass burning rate? 
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Chapter 2: Subcooled nucleate boiling experiments using thin 

nichrome wire in dodecane layer 

2.1 Introduction 

As an effective way to enhance heat transfer, subcooled boiling has been studied extensively in 

the last decades. A typical way of investigating heat transfer under the boiling phenomenon is by 

submerging a heated element in a liquid pool at ambient temperature with bubble generation taking 

heat away from the hot surface, which is known as subcooled nucleate pool boiling. Among 

previous experiments, nucleate boiling on many varieties of metals in different shapes and 

configurations were investigated, such as thin wires [43–50], strips [51,52], tubes [53–56], and 

plates [43,57–63]. 

A comprehensive study by Bergles et al. [64] reported that the surrounding liquid environment 

plays an important role in terms of affecting heat transfer characteristics by vortex flow, fluid 

vibration, electrostatic field, and additives. Saturation pressure and thermal properties of working 

fluids are some other major parameters [65]. Apart from the intrinsic properties of the liquid, 

nucleate boiling in flow environments was investigated mainly for the interests of cooling effects 

on the deceleration rods in nuclear power plants and other high-heat flux management. Griffith 

[59] conducted forced convection boiling experiments using a copper plate in a flow created by a 

continuous pump. Results showed bubble departure size decreased with increasing flow velocity, 

and flow drag force was normally smaller than the buoyant force and surface force. Situ et al. [66] 

studied bubble behaviors of boiling flow experiments within a vertical upward annular channel. 

Bubble departure frequency (BDF) was correlated with nucleate boiling heat flux, where the 

correlation was examined by data from similar flow boiling experiments done by Thorncroft et al. 

[52] and Base et al. [67]. All studies related to flow boiling were performed in one-directional 

flows. Nucleate boiling in an isotropic turbulent environment surprisingly has rarely been focused 

on, while this question calls for more understanding. 

Based on the studies on turbulence in natural water resources [32,34], the water surface region 

shows turbulent characteristics because of the wind-driven mechanisms and confinements of 
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geographic terrains. Large eddies gradually deform into smaller eddies and eventually dissipate in 

the environment as heat [33,68]. The complexity of the turbulence might easily defy the 

experiment analysis. Therefore, a structural simplified type of turbulence is created in the lab-scale 

to deal with this issue, which is referred to as isotropic turbulence. By definition, isotropic 

turbulence is invariant with direction and with no bulk flow. Among previous literature, two 

methods have been used to create isotropic turbulence in small-scale water tanks. The first method 

is by directing a confined jet upwards from the bottom of a cylindrical container [36–39,42], and 

the second method is by using an oscillating grid at the bottom of a water tank [69–71]. The 

experimental platform in this work is motivated by the studies using upward confined jet to 

generate surface isotropic turbulence due to its applicability during a pool fire experiment. 

Based on the theoretical study [41] on the structure of an axisymmetric confined jet, the jet 

boundary fills up the cylindrical cross-section when the distance from the jet nozzle reaches more 

than three times the confinement diameter. After this distance, the turbulent velocity fluctuations 

begin to dominate over the mean circulatory velocity. Sonin et al. [38] apply such confined jet 

configuration to generate isotropic surface turbulence, and polypropylene spheres are used to trace 

the turbulent surface for velocity fluctuation measurements. More accurate measurement 

techniques such as Laser Doppler Velocimetry (LDV) by Brown et al. [39] and Particle Image 

Velocimetry (PIV) by Khoo et al. [42] are used to verify the isotropic characteristics of the surface 

turbulence using similar setups. The results show that the turbulence velocity components in 

vertical and horizontal directions become nearly uniform or isotropic in a horizontal plane above 

three times the confinement diameter. By controlling the flow rate through the jet nozzle, the 

turbulence intensity can be set at an exact range of values.  

Compared with previous nucleate boiling studies, the isotropic turbulence adds to the facts that 

influence existing bubble propulsion mechanisms, which allows an insight into the interconnected 

relationships between turbulence strength, bubble behavior, and heat transfer characteristic. 

2.2 Experimental setup 

2.2.1 Description of apparatus 
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Figure 2.1 shows a schematic of the experimental apparatus used in this study. The experiments 

were performed in a cylindrical Pyrex glass tube with an inner diameter D = 100 mm. The tube 

was filled with water up to a height of H = 330 mm from the nozzle. The Pyrex glass tube was 

surrounded by a 180 mm x 180 mm rectangular acrylic tank. A thickness of a 40 mm dodecane 

fuel layer was carefully added on top as shown in Figure 2.1. At the bottom of the Pyrex glass tube, 

a cylindrical jet nozzle with diameter d = 12.7 mm was placed at the center location, from which 

a centrifugal pump drove water jet upwards. Next to the center jet nozzle, two suction ports were 

fixed symmetrically to feed water back into the centrifugal pump. The layout was to ensure a 

symmetric profile of the jet. A turbine type flowmeter and a control valve were installed in the 

pipeline to adjust the flow rate, Q. Studies have shown when the distance between the region of 

interest and the nozzle is more than three times of the diameter of the confinement, the jet boundary 

will attach to the confinement wall, after which the vertical momentum of the jet will be distributed 

horizontally [40]. The results showed that the horizontal velocity component of the turbulence 

increased to a similar magnitude as the vertical velocity component. Particle Image Velocimetry 

(PIV) technic was used to measure the turbulence velocity near the surface. 

The nucleate boiling experiments were performed using thin nichrome wire with a length, l = 70 

mm and diameter, d = 0.127 mm. The nichrome wire was fixed at the bottom of two copper rods 

which acted as electrodes 20 mm below the surface of the dodecane layer as shown in Figure 2.1. 

The diameter of the copper rods was 12.8 mm, comparing which to the thin nichrome wire, the 

electric resistance of the copper rods was negligible. The copper rods were fixed by a wood ladder 

structure to ensure constant tension on the nichrome wire for each experiment, therefore mitigated 

the resistance change due to wire stretch. A DC power supply (Mastech DC Power Supply 

HY5005E-2) was used to heat the wire and two digital multimeters (Fluke 45 Dual Display Digital 

Multimeter and Keithley 2110 Digital Multimeter) were used to measure voltage, U and current, I 

of the nichrome wire (Fig. 2.1). Heat flux, 𝑞̇′′  (kW/m2) on the surface of nichrome wire is 

expressed as: 

                                                                            𝑞̇′′ =
𝑈𝐼

𝜋𝑑𝑙
 ，                                                                  (1.1) 
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An indirect wire temperature measuring method by the calibrated relationship between 

temperature and resistance introduced in studies [43,47] was adopted because of the difficulty of 

using thermocouples or other direct measurements. The resistance of the wire varied linearly with 

the wire temperature and the temperature coefficient of resistance was calculated using 3 repeated 

experiments as 𝛼 = 9 × 10−4 Ω/°C. Before each experiment, the initial resistance of the nichrome 

wire was measured at room temperature. During the experiment, the power supply output was 

gradually increased, at the same time the wire resistance was recorded as R = U/I, therefore the 

corresponding average wire temperature was obtained. Each experiment was performed three 

times, and the nichrome wire was replaced after each experiment. 

To capture the bubble behaviors, a high-speed camera (Chronos 1.4) with a macro-lens was used.  

The frame rate of the high-speed camera was set to 2111 frames per second (FPS), giving a 

corresponding pixel resolution of 1280 x 512 recording at the center portion of the nichrome wire. 

A LED light (Godox SL-100W) was placed at the back of the experimental facility. A thin white 

cloth was placed on the back of the rectangular acrylic tank, creating a bright and soft background 

for high-speed recording. Also, a DSLR (Canon 5D Mark III) was used to observe the entire length 

of wire to measure bubble departure frequency (BDF) and bubble departure size, DB. Each 

measurement was averaged over a 60-second duration. The standard error of bubble departure size 

measurement is 1.7%. 
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Figure 2. 1: Nucleate boiling experimental setup with turbulence generation system. 40 mm 

thick dodecane is poured on top of a water sublayer. 
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2.2.2 Measurement of turbulence 

The turbulence root-mean-square (RMS) velocity was measured before the nucleate boiling 

experiments, and the relationship between turbulence and water flow rate through the nozzle at the 

bottom was determined. The measurement domain was set to be 350 mm vertically away from the 

nozzle, which is the same level of nichrome wire elevation in nucleate boiling experiments. PIV 

was used to measure velocity at a series of discrete points, 𝑢𝑖  in both vertical and horizontal 

directions. The turbulence strength given by RMS velocity was calculated as: 

                                                                   𝑢𝑟𝑚𝑠 = √
1

𝑁
∑(𝑢𝑖 − 𝑢̅)2

𝑁

𝑖=1

 ，                                               (1.2) 

where, N is the number of discrete data points. (𝑢𝑖 − 𝑢̅) represents the turbulent fluctuation, and 

mean velocity, 𝑢̅ is calculated as: 

                                                                               𝑢̅ =
1

𝑁
∑ 𝑢𝑖

𝑁

1

 ,                                                              (1.3) 

PIV method requires trace particles seeded in the turbulent fluid. Air bubbles with an average 

diameter of 100 μm were used as the seeding particles. The diameter was measured based on the 

length per pixel from the captured images. The tracers of such size were reported to have a velocity 

deviation of 5% because of gravitational force in 10 cm/s water flow [72]. The measurement 

domain was chosen to be the surface region where was 350 mm vertically away from the nozzle. 

Chronos 1.4 highspeed camera was used to record at the resolution of 1280 × 1024 corresponding 

to a window of 68 × 55 mm. 

The highspeed camera was set to 1057 frames per second and the record time for each RMS 

velocity was 3 seconds, which yielded 3000 available continuous frames. Image processing and 

analysis were implemented in PIVLab [73]. The interrogation area was set to 1.7 × 1.7 mm (32 × 

32 pixels) with 50% overlap. This resolution followed the “1/4 rule” with the tracer displacement 

of ~0.03 mm between frames to ensure detection accuracy. The particle image density (number 

per interrogation area) was about 8, which reached the minimum recommended number of 5 to 
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achieve close to 100% valid detection probability [74]. Image processing and analysis were 

implemented in PIVLab [75].  

For the surface turbulence calibration measurements, the volumetric flow rate, 𝑄 was controlled 

at 2, 3, 4, 5 GPM. At each flow rate, RMS velocity components in vertical and horizontal directions 

were measured, then plotted with the corresponding characteristic flow velocity, 𝑄/𝐷𝑑 as shown 

in Figure 2.2. The results by Sonin et al. [38] were also shown for comparison. The measurement 

results showed a linear relationship between flow rates and RMS velocity, which indicated 

isotropic turbulence in the region of interest. Also, the magnitude of turbulence can be easily 

adjusted by changing the flow rate to create a desired turbulence condition in the upper water 

surface. Since the mean flow velocity approximates to zero for the isotropic turbulence, the 

turbulence intensity and root-mean-square velocity both represent the fluctuation strength of the 

turbulence, which is symbolled by 𝑢𝑟𝑚𝑠 and 𝑢′. 

 

Figure 2. 2: Root-mean-square (RMS) velocity as a function of flowrate. The operating range 

of current experiments is marked using a dotted rectangle. 

The correlation for the RMS value of velocity component in the confined jet configuration is 

expressed as: 𝑢′ = (
𝑄

𝐷𝑑
) 𝛷(𝑅𝑒) exp(−1.2𝑍/𝐷) , where 𝛷(𝑅𝑒)  is non-dimensional Reynolds 

number function and becomes a constant when the confined jet is fully developed and isotropic 

turbulence is formed. In this study, 𝛷(𝑅𝑒) = 17.5 compared with 21.8 from Sonin et al. [38] and 
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18.7 from Hu [36]. The system Reynolds number, based on the flow rate through the nozzle and 

cylinder diameter (𝑅𝑒𝑠 = (𝑄/𝐷𝑑)𝐷/𝜈) [38] ranges from 34,000 to 68,000. Mycek et al. [76] 

reported that turbulent velocities of various natural water resources were in the range of  2 – 60 

cm/s, as shown in Table 1. The velocity values are calculated by the mean flow velocity multiplied 

by the intensity (%) which yields velocity results representing the turbulence fluctuation intensity. 

The turbulence in the current study was controlled within the lower side of natural turbulence 

values. 

Table 2. 1: Turbulence strength from different natural open water resources [75] compared 

with the current study. 

 

2.2.3 Turbulence macroscale 

The discussion so far pertains to the turbulent environment alone. Other parameters will arise 

because of the nucleate boiling experiment interfering with the turbulence. The movement of 

bubbles generated on the wire can influence the turbulence structure between the liquid phase and 

gas phase for similar reasons as particles moving through the turbulent gas field reported by Crowe 

et al. [77]: (1) displacement of the turbulent flow by flow around bubbles; (2) generation of wakes 

behind bubbles; (3) turbulent energy dissipation to the bubble motion; (4) disturbance of flow 

because of the bubble interaction; and (5) additional length scale by the bubble movement that 
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may affect the turbulence dissipation. Considerations of difference between the bubble size and 

the turbulence integral length scale become important. When the bubble size is large enough to 

generate wakes that influence the existing turbulent dodecane layer or to influence the turbulence 

length scale and corresponding energy dissipation, the previous turbulence measurements may be 

inaccurate for nucleate boiling experiment analysis. Gore and Crowe [78] showed that the particle 

size needs to be more than 0.1 ×  of turbulence integral length scale to cause the change of 

turbulence intensity.  

The macroscale of the system (turbulence integral length scale) was defined as [39]: 

                                                                    Ʌ = 𝑢𝑟𝑚𝑠 ∙ 𝜏 ,                                                          (1.4) 

where 𝜏 was a characteristic time, 

                                                       𝜏 = ∫ 𝑅(𝑡)𝑑𝑡
∞

0
 ,                                                        (1.5) 

and  

                                                  𝑅(𝑡) = 〈𝑢′(𝑡 + 𝑡′)𝑢′(𝑡′)〉/𝑢𝑟𝑚𝑠
2 ,                                             (1.6) 

was the autocorrelation of the velocity fluctuation, 𝑢′ = (𝑢𝑖 − 𝑢̅). The symbol 〈∙〉 represented the 

ensemble average. Figure 2.3 shows an example of the function 𝑅(𝑡) measured with a depth of 2 

cm below the surface. The flow rate is 3 GPM, and the corresponding urms is 0.050 m/s. 

 

Figure 2. 3: Autocorrelations of the velocity fluctuation at depth of 2 cm below the surface. 

urms = 0.050 m/s at flow rate of 3 GPM. 
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Table 2 summarizes the results for the turbulence integral length scale. The average length scale 

or the turbulence eddy size at the measurement location is about 38 mm (0.38D). Brown et al. [39] 

measured the integral length scale near the surface at a distance of 𝐻/𝐷 = 3.6 (𝐻/𝐷 = 3.3 in this 

study). They reported that the length scale was approximated independent of Reynolds number, 

isotropic in direction and given by Ʌ ≅ 0.24𝐷, which indicates the length scale in this study is an 

appropriate value. Because the measurement elevation is lower meaning the distance between the 

surface and nozzle increases, and the dissipation of turbulence increases which causes a smaller 

length scale of the eddies.  

Table 2. 2: PIV measurements of integral length scale at a depth of 2 cm below the surface. 

Operating flow rates are 2, 3, and 4 GPM with corresponding RMS velocities ranging from 

0.033 – 0.068 m/s. 

 

2.3 Experimental results 

2.3.1 Subcooled nucleate boiling on a wire without turbulence 

Figure 2.4 shows the nucleate boiling curve of the no turbulence (baseline) experiment. Along 

with the observations from a high-speed camera, four distinctive stages of bubble behaviors are 

observed, as shown in Figure 2.5. For the no turbulence case, the onset of nucleate boiling (ONB) 

starts at a heat flux around 0.3 ×103 kW/m2, and critical heat flux (CHF) is observed at 1.8 × 103 
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kW/m2. Before ONB, no bubbles are observed on the wire, meaning the heat transfer mechanism 

is by convection, and only sensible energy is involved. Once ONB is reached, bubble generation 

is observed. The evaporation of the surrounding liquid takes away heat as latent energy from the 

hot wire surface, resulting in a noticeable heat transfer coefficient increase in the slope (Fig. 2.4), 

which indicates the heat transfer improvement in stages I and II. The heat flux keeps increasing 

gradually before and after CHF, while the wire experiences a jump in temperature after CHF. After 

this point, the nucleate boiling curve enters the film boiling stage, where the bubble generation is 

so intense that a film of vapor is observed to wrap over the entire wire. Because of the low heat 

conductivity of gas vapor, more heat is trapped within the wire, and shortly leading to the wire 

collapsing and glowing red. A structural breakdown of the wire is observed soon after the film 

boiling stage is reached, which is referred to as burnout.  

 

Figure 2. 4: Nucleate boiling curve of urms = 0 m/s (baseline) case. ONB is observed at around 

0.3 × 103 kW/m2, and CHF is observed at around 1.8 × 103 kW/m2. Labels I to IV on the 

nucleate boiling curve represent four stages during the subcooled boiling process. 

Figure 2.5a-d shows the four stages of bubble behaviors in detail. The differences in heat transfer 

between each stage are well-explained by bubble behaviors. The propulsion mechanism of the 

bubble is by Marangoni stresses [79,80]: when a bubble moves, a mixing zone is generated behind 

the bubble, where cool liquid enters and affects the thermal boundary layer. With bubble front 
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thermal boundary intact, a temperature difference between the front and back of the bubble is 

created, which induces a surface tension difference that drives the bubble movement. The 

Marangoni effect can also be referred as the thermocapillary effect when the surface tension is 

induced by temperature difference [49].  

Figure 2.5a shows, in Stage I where ONB is reached, a single small bubble is observed to sweep 

smoothly along the whole wire at a nearly constant speed. The bubble only changes sweeping 

direction when it contacts the copper electrodes at two ends of the wire. A curvy thermal plume 

attaches to the top of the bubble because of the thermocapillary convection driving hot fluid 

upwards. With heat flux increasing, Figure 2.5b shows Stage II of bubble bouncing and merging. 

In this stage, bubbles move randomly on the wire. Upon contact, bubbles either bounce backward 

against each other or merge into a single large one. Bubbles continuously gain in size eventually 

reaching a turning condition where buoyancy force overcomes the tension stress on the wire and 

departures from the wire. Also, the thermal plume becomes irregulate in shape, because of the 

interaction between thermal plumes from multiple bubbles and the wire, thus indicating the 

thermal boundary layer of thickness equal to or greater than bubble diameter has developed. Then 

in Stage III shown in Figure 2.5c, the heat flux value approaches CHF, where the bubbles no longer 

move along the wire. Instead, the bubbles stay clustered in position, and merge with adjacent 

bubbles, growing in size until they depart upwards. The bubbles hanging on the wire are larger 

(diameters of 0.5 – 1 mm) compared with previous stages (0.3 – 0.5 mm). This is because the 

temperature between the upper and lower bottom of the bubble now becomes significant enough 

to induce stronger Marangoni stress as the bubble upper interface reaching further into the cooler 

liquid region. The stress holds the bubble from detaching, so it requires a larger volume to create 

sufficient buoyant force to overcome this stress. Moreover, huge amounts of fast-moving tiny 

bubbles (diameters of 0.05 – 0.1 mm) are generated on the wire, forming a nearly constant force 

on the two sides of the large hanging bubbles. The tiny bubbles continuously acting on the larger 

ones and force large bubbles to stay in position. The high velocity of tiny bubbles is observed 

because of the strong Marangoni stress across the horizontal direction of tiny bubbles. The thermal 

plume in this stage is highly turbulent such that the light distortion noticeably affects the micro 

high-speed recording. Finally, in Stage IV shown by Figure 2.5d, the nucleate boiling changes into 

the film boiling region. The wire temperature suddenly increases to 280 °C, causing the dodecane 
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fuel to evaporate intensely enough to form bubble wrapping around the wire. The high voltage and 

temperature bend the wire, and the wire starts to glow red. The bubble departure is so intense that 

large bubble columns are observed lining up along the wire. Shortly burnout is observed and the 

wire breaks terminating the experiment. 

 

Figure 2. 5: Four stages of bubble behaviors with increasing heat flux without turbulence. 

(a) Stage I: single small bubble sweeping smoothly at a constant speed; (b) Stage II: multiple 

small bubbles bouncing and merging; (c) Stage III: a large number of tiny bubbles forming 

large bubbles by coalescing; (d) Stage IV: vapor film wrapping around the wire leading to 

burnout. 

The influence of bubble movement on the generated turbulence microscale is negligible in this 

study. Compared with the turbulence integral length scale of about 38 mm, the observed bubble 

size is 10 times smaller, implying that the influence of bubble movement on the measured 

turbulence is negligible. The wire has a diameter of 0.127 mm which is much smaller than the 

integral length scale. Therefore, the measured turbulence results stay valid in nucleate boiling 

experiment analysis. Duchesne et al. [50] reported the influence of wire diameter on subcooled 

nucleate boiling experiments in still liquid bath: (1) with the increase of wire diameter, the heat 

flux required to reach each boiling stage is increased; (2) when the wire is thicker than 0.3 mm in 

diameter, the bubble film in Stage IV becomes more uniform in thickness. 
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2.3.2 Subcooled nucleate boiling on a wire with turbulence 

Figure 2. 6 shows the variation of heat flux, 𝑞̇′′ as a function of wire superheat temperature with 

different turbulence levels. Overall, the enhancement of heat transfer is achieved with an increase 

in turbulence strength. In the convection dominating region (before ONB), it is observed that the 

slope increases with urms. This is because of the convective cooling effect by turbulence, which 

increases the convective heat transfer coefficient. Both ONB and CHF increase to higher values 

with larger urms.  

 

Figure 2. 6: Nucleate boiling curves under different turbulence strengths. Enhancement of 

heat transfer is achieved with stronger turbulence, resulting in both ONB and CHF raising 

in value. is achieved with stronger turbulence, resulting in both ONB and CHF raising in 

value. 

CHF values are plotted in Figure 2.7, along with bubble departure frequency (BDF) as a function 

of urms. The heat flux on the wire surface is constant at 𝑞̇′′ = 0.6 × 103 𝑘𝑊/𝑚2 under each urms, 

where just surpassing ONB so that bubble departure is not too chaotic to be measured.  Figure 2.7 

shows that BDF increases nonlinearly while CHF increases nearly in a linear fashion as a function 

of urms. The bubble departure frequency (BDF) is determined by the number of nucleation sites 
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and fluctuating eddies bombarding the surface of the bubbles induce oscillations of the bubbles. 

The number of nucleation sites increases as heat flux increases [66]. Since the heat fluxes were set 

to the same value for all the BDF measurements, the energy level of the arriving eddy plays the 

main role that causes the BDF to increase with the turbulence. The bubbles are affected by the 

eddies such that once eddies of sufficiently high energy and frequency arrive, the bubbles will 

oscillate and might eventually lift off [81]. The arrival frequency of eddies, 𝑓𝑒 is determined by 

the reciprocal of the turbulence characteristic time, 𝜏. In stronger turbulence cases, the turbulence 

characteristic time decreases, causing larger eddy arrival frequency (Table 2). With increases on 

both eddy energy and arrival frequency, the bubble departure frequency is therefore increased. 

 

Figure 2. 7: Bubble departure frequency (BDF) and critical heat flux (CHF) as a function of 

turbulence strength indicated by urms. CHF increases linearly with urms. BDF increases 

exponentially with urms. Heat flux, 𝒒̇′′ = 0.6 × 103 kW/m2 for all cases where BDF was 

measured. 

The bubble departure size, DB as a function of urms is shown in Figure 2.8, which is measured based 

on an averaged value of 100 successive bubbles at departure under each turbulence condition. The 

heat flux is set at 𝑞̇′′ = 0.6 × 103 kW/m2, which is identical to BDF and CHF measurements. The 

bubble size shows a nonlinear decline with urms. The smaller departure bubble volume means a 

smaller buoyant force is required to overcome the surface stress that holds the bubble to the wire.  
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Figure 2. 8: Bubble departure size as a function of turbulence velocity component urms with 

wire surface heat flux, 𝒒̇′′ = 𝟎. 𝟔 × 𝟏𝟎𝟑 𝐤𝐖/𝐦𝟐. The bubble size at departure decreases with 

the increase of urms, meaning the buoyance force to overcome Marangoni stress is decreasing. 

The standard variation in reported measurements is 1.7%. 

The force balance analysis and the surrounding thermocapillary convection of a single bubble are 

shown in Figure 2.9. The horizontal component of the Marangoni force, Fma,x propels the bubble 

sweeping along the wire and its vertical component, Fma,y prevents the bubble from rising against 

the buoyancy force. The thermocapillary convection is observed around the bubble side region, 

which circulates the hot liquid from the wire surface micro-layer to the colder upper liquid region 

around the bubble. With turbulent flow impacts on the bubble and its vicinity, the additional 

turbulent drag force facilitates the bubble’s instability. However, Koumoutsos et al. [59] showed 

the drag force was considerably smaller than the buoyant and surface forces using a force balance 

on the bubble at the instant of departure in low flow conditions. Therefore, the change of the 

Marangoni force in the vertical direction, Fma,y is postulated to be the reason that causes the 

reduction in the bubble departure size with turbulence. Fma,y is reduced by the combined effects of 

increasing condensation rate on the dodecane bubble top region and the enhanced thermocapillary 

convection. 
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Figure 2. 9: Force balance on a bubble attaching to the wire in subcooled nucleate pool 

boiling (Fb = Buoyancy force, Fg = Gravitational force, Fma = Marangoni force, Ff = Friction 

force, Fd = Drag force). T is liquid temperature, and σ is liquid surface tension at T. 

Condensation occurs at the bubble top interface. Thermocapillary convection is formed 

around the bubble because of the temperature gradient. 

The Marangoni force, Fma,y keeping the bubble attached to the wire is because of the surface 

tension difference (Δσ = σ1 – σ2). Marek et al. [82] showed the non-condensed gas would 

accumulate at the upper interface of the bubble and increase the diffusion resistance by impeding 

the motion of vapor. With turbulent eddies around the bubble interface, the gas condensation rate 

increases [38,39], which drives the vapor motion through the upper bubble wall and dissipates heat 

into this vapor-liquid interface. As a result, the dodecane surface tension at the top bubble region, 

σ1 drops with the increase of temperature, T1 [83], which eventually reduces the Marangoni force, 

Fma,y  and facilitates the departure of bubbles at smaller sizes. Additionally, the turbulence 

intensifies the thermocapillary convection because of the mixing effect, pumping more hot liquid 

towards the bubble upper region that further reduces the temperature gradient (ΔT = T2 – T1), so 

is the surface tension difference, Δσ. Simulations have shown that temperatures at the liquid layer 

adjacent to the wire where the bubble sweeps are much higher than the bulk liquid region which 

is further away from the wire [84]. The pumping effect by the thermocapillary convection 

dominates over the turbulence cooling effect on T1 at this microlayer. Therefore, Fma,y is reduced 

by the two collective effects of condensation and thermocapillary convection. Also, the increased 
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eddy arrival frequency might cause perturbance on the heating wire and bubbles, increasing the 

instability and shaking the bubble off the wire.  

Figure 2.10a-c shows the bubble behaviors of Stage I to Stage III under turbulence strength urms = 

0.050 m/s. The film boiling Stage IV is neglected because no evident difference in bubble 

behaviors is, and this region has passed CHF where burnout will shortly occur leading to structural 

failure. urms = 0.050 m/s is chosen because of its distinctive differences from the no turbulence 

case.  

Figure 2.10a shows that in Stage I, the single bubble changes direction occasionally instead of 

sweeping smoothly along the whole wire as observed in the no turbulence case shown in Figure 

5a. This may be because of interaction with intermittent turbulent eddies. The thermal plume 

attaching to the top of the bubble disappears under the mixing effect in a turbulence environment, 

indicating the breakup of the thermal boundary layer around the heating wire. The mixing causes 

an enhancement in the heat transfer coefficient induced by forced convection, which agrees with 

the nucleate boiling curves shown in Figure 2.6.  

Figure 2.10b shows in Stage II, bubbles bounce back or merge into each other upon contact, which 

is similar to Stage I. However, bubble movements are observed to be sensitive to turbulence. The 

temperature-induced Marangoni stress and turbulence compete against each other, and the bubble 

propulsion mechanism is more likely dominated by the turbulent flow other than Marangoni stress. 

Bubbles along the wire change sweeping direction as the turbulent flow changes direction. The 

Marangoni stress is not strong enough to hold against the turbulent flow, and all bubbles are 

observed to move in the same direction even after bouncing back and merging. 

Figure 2.10c shows in Stage III, the large bubble cluster no longer stays in position despite the tiny 

bubbles are still constantly pushing against the large bubbles on the two sides. The cluster of 

hanging bubbles is carried by the turbulent flow, moving towards the same direction. This 

phenomenon keeps the wire surface wetted with a surrounding liquid, to some extent manage to 

avoid over-heating at those nucleation sites where large bubbles hang in no turbulence case. When 

large bubbles staying stationary at nucleation sites, heat tends to build up rapidly without mixing 

with the cool surrounding liquid. The contacting area at the bubble bottom against the wire is a 
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very thin layer of liquid fuel and the bubble itself is low-thermal conductivity vapor, which traps 

heat within the wire and causes heat flux to reach CHF. The bubble behaviors in a turbulent 

environment agree with the nucleate boiling curves result, that the heat transfers in both convective 

and nucleate boiling regions are improved, and CHF occurs at higher heat flux. 

 

Figure 2. 10: Bubble behaviors with increment in heat flux on the wire surface under urms = 

0.050 m/s. (a) Stage I: single bubble changing direction occasionally; (b) Stage II: turbulent 

flow dominating as bubble propulsion mechanism; (c) Stage III: large bubble cluster carried 

by the turbulent flow. 

Figure 2.11 shows the schematics of bubble movements and plume shapes at different heat fluxes 

corresponding to stage I, II, and III under no turbulence case and turbulence case. Schematics are 

drawn by closely observing the high-speed videos in experiments without and with turbulence. In 

no turbulence case, bubbles only change direction when interacting with another bubble, otherwise, 

there are no other forces to steer the bubbles. While in turbulence cases, the bubbles change 

direction randomly. Two sizes of bubbles are observed on the wire: tiny bubbles with diameters 

of 0.05 – 0.1 mm sweeping rapidly along the wire; large bubbles with diameters of 0.5 – 1 mm 

moving at a much slower speed. As the strength of the turbulence is increased, the bubble 

movement along the wire and consequent direction change become more chaotic.  

The thermal plumes in the no turbulence case are uniform in profile and longer compared to the 

turbulence case as shown in Figure 2.11. Since the turbulence breaks the thermal boundary layers 

near the wire region, the plume intensity is observed to be weaker than the no turbulence case. As 



41 

 

a result of the turbulent mixing effect, the instability of bubbles increases, which causes plumes to 

be irregular and fluctuating. The turbulent mixing effect dissipates heat downwards to the sub-

water layer, so the plume under the wire is more obvious because of the larger temperature 

difference between the wire and the lower dodecane layer. 

 

Figure 2. 11: Schematics of bubble movements and plume shapes at heat flux, 

𝒒̇′′(𝟎. 𝟓 × 𝟏𝟎𝟑 𝐤𝐖/𝐦𝟐, 𝟏. 𝟎 × 𝟏𝟎𝟑 𝐤𝐖/𝐦𝟐, 𝐚𝐧𝐝 𝟏. 𝟖 × 𝟏𝟎𝟑 𝐤𝐖/𝐦𝟐) ) in Stages I – III 

during subcooled nucleate boiling experiments under no turbulence case (urms = 0 m/s) and 

turbulence case (urms = 0.050 m/s). 

Nucleate boiling is highly sensitive to the presence of turbulence. Even the weakest turbulence 

like those found in natural water resources can alter the bubble behavior and corresponding heat 

flux. The current study only operates at the range of low turbulence strength, because the 

measurement difficulties and uncertainties of nucleate boiling experiments using such a thin wire 

are very challenging. Future work with stronger turbulence strength is needed to be studied. 

2.4 Conclusions 

The heat transfer mechanism and bubble behaviors of subcooled nucleate pool boiling using 0.127 

mm diameter nichrome wire are experimentally studied in a 4 cm thick isotropic turbulent 
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dodecane layer, which is made by a confined jet system. The heat transfer is closely interrelated 

with bubble behaviors, and the four stages of bubble behaviors characterize different 

corresponding regions of the nucleate boiling curve. They are, respectively: sweeping stage, 

bouncing and merging stage, hanging stage, and film boiling stage. The heat transfer shows 

improvement under turbulent cases. Bubble departure frequency (BDF) and critical heat flux (CHF) 

increase as a function of turbulence strength represented by root-mean-square (RMS) velocity. 

Bubble departure size decreases as a function of turbulence RMS velocity. The bubble propulsion 

mechanism is dominated by two competing factors: Marangoni force and thermocapillary 

convection. Both are subject to the impact of turbulent eddies, which facilitates the bubble lift-off, 

and improves the heat transfer performance compared with the baseline case.
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Chapter 3: Crude oil slick burning 

3.1 Introduction 

The burning of a liquid fuel layer floating on water has been studied extensively because of the 

interest in fuel spill accident clean-up technics in open waters, which is called in-situ burning (ISB). 

This cleaning method requires collecting oil slick using a “fire boom” and igniting the collected 

oil as a pool fire [2,3,17]. ISB related studies have gained increasing attention because of their 

relatively low cost and easy applicability to remove a large amount of oil on a wide area [4].  

The investigation on the burning of floating oil on water is theoretically based on the understanding 

of pool fires, where earlier effort has been devoted to [6,16,85]. The attention to the fuel burning 

upon water comes later due to the complexity of the burning configuration and increasing demand 

for oil spill clean-up approaching the millennium. The pioneer studies of this specific burning 

condition mostly relate to boilover phenomena [18,86] and ignition [9,87–89], where thin fuel 

layer boilover becomes an important concern. The occurrence of boilover positively affects the 

burning rate because the on-set of boiling nucleation at the fuel/water interface results in the 

ejection of oil droplets into the flaming zone [19]. The boilover happens after a long period of 

quiescent burning, and the time to the onset of boilover correlates well with the thermal penetration 

time to reach the water layer super-heated condition [20]. The effect of fuel thickness, pool 

diameter, and fuel boiling point has also been studied by Garo et al.  [19,20,90]. They observe that 

the burning rate does not depend on the initial fuel layer thickness when it is thicker than 10 mm 

and that decreases for thinner layers. The self-sustain burning of oil is no longer possible with a 

typical minimum thickness of 0.5 mm. The burning behavior matches the investigations by 

Alramadhan et al. [14] and Koseki et al. [91] that only a thick fuel layer is able to form a sufficient 

hot zone for explosive boilover to occur. Based on those preceding studies, Torero et al. [21] 

completes a simple heat conduction model to describe the pre-boilover ignition and burning rate 

of crude oil. They apply a combined thermal diffusivity to account for the different thermal 

properties of oil and water layers, then use it to obtain an analytical solution for the burning rate 

under certain pool diameter and initial fuel thickness.  
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While the real-world application of ISB demands a further reach into more complex burning 

environments, the previous bench-scale studies have been well-applied to serve such needs. For 

example, Shi et al. [92] and Farahani et al. [93] conduct the crude oil pool fire experiments with 

an adjacent ice block, where the change of ice cavity geometry and heat sink effect on the burning 

behavior is studied. Gelderen et al. [94] construct the  Crude Oil Flammability Apparatus (COFA) 

which is designed with a fuel slick burning area surrounded by a large body of water. This is to 

simulate a burning oil/water interface that is comparable to large-scale burns. The way to 

experimentally set up the fuel/ambient boundary is the most important because the heat loss across 

that interface can largely affect the burning of the fuel layer. There are only a few studies that 

address the dynamic nature of the ocean surface [17,95], and the most used method is to conduct 

the oil layer burning experiments in a wave tank [88,96]. However, the wave tank is costly to 

operate and the wave profile is difficult to be controlled to the precision for burning rate modeling. 

There is no bench-scale experimental platform dedicated to simulate dynamic ocean conditions in 

a fine-controlled fashion. Studies on turbulence in natural water resources [34] indicate that the 

water surface shows turbulent characteristics because of the wind-driven mechanism, under-

surface current, and the confinement of geographic terrains. Large eddies gradually deform into 

smaller eddies and eventually dissipate in the environment as heat [33]. A turbulence water surface 

can represent the ocean surface dynamic and can be accurate to simulate the fuel/water interface 

during the burning process. While the complexity of the turbulence might easily defy the 

experiment analysis, a structural simplified type of turbulence is created in lab-scale to deal with 

this issue, which is referred to as isotropic turbulence. The water surface of isotropic turbulence is 

an ideal experimental platform to analyze the role of turbulence on oil slick pool fires. The current 

isotropic turbulence generation using a confined jet is inspired by the earlier works of Sonin et al. 

[38], where vapor condensation onto a turbulent liquid surface was investigated. They reported 

that the condensation rate is proportional to the RMS turbulence velocity at the surface. Using the 

similar experimental setup, Morse et al. [37] reported that the evaporation rate of the liquified 

natural gas has strong dependence on the turbulent liquid surface. However, the previous works 

were conducted under ambient temperature where the liquid surface temperature was much lower 

compared to a burning pool surface. From the standpoint of surface equilibrium, the evaporation 

rate of the floating fuel is dominantly affected by the burning condition when the pool fire is 

introduced. Therefore, the evaporation rate changes due to surface turbulence is neglected in this 
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study and only subject to changes due to the burning characteristics. The turbulence is only 

considered to alter the heat transfer mechanisms in the liquid layers which eventually causes 

impacts on the fuel burning rate. 

In this study, the oil slick elevation is maintained at 3.5 times the confinement tube diameter, and 

the turbulence root-mean-square (RMS) velocities in both vertical and horizontal directions are 

measured and compared with the reported turbulence velocity from the open water resources. 

Simple 1-D heat conduction models are used to describe the fuel layer temperature profile and to 

obtain the convection boundary condition under different surface RMS velocities. The heat release 

rate by the flame is determined from an existing correlation for pool fires [97–99], and the net heat 

flux feedback per unit area to the fuel represents a small fraction (𝜒) of the total flame heat release 

rate. This fraction is found using energy balance at the fuel surface. 

3.2 Experimental Setup 

Figure 3.1 shows the oil slick burning facility with the turbulence generation system. The oil slick 

burning experiments were performed in a cylindrical Pyrex glass tube with an inner diameter 𝐷 =

100 mm, and a height that maintains the water surface at 𝐻 = 350 mm from the nozzle (Fig. 3.1). 

The glass tube was then placed inside a 180 mm x 180 mm rectangular acrylic tank filled with 

fresh water, which mitigated the heat transfer issues in a small-scale burning tank [94]. A 

cylindrical jet nozzle with diameter 𝑑 = 12.7  mm was located at the center bottom of the 

cylindrical tube, from which a centrifugal pump drove water jet upwards. Two suction ports were 

placed symmetrically beside the jet nozzle to feed water into the pump and ensure the jet profile 

was symmetric. A turbine flowmeter and a control valve were installed in the pipeline controlled 

the flow rate. Particle Image Velocimetry (PIV) was used to measure the turbulence velocity near 

the surface. The turbulence generation platform was inherited from the works by Chang et al. [100] 

and PIV measurement accuracy was improved by using more data sets to 3000 for each RMS 

velocity output. 
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Figure 3. 1: Schematic and photograph of the experimental setup. A water jet is directed 

upwards, generating isotropic turbulence at the water surface in the confined region. 5 mm 
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thick crude oil poured on top. An array of 14 thermocouples spacing at 1.5 mm measuring a 

total depth of 21 mm. 

5 mm thick Alaska North Slope (ANS) crude oil slick was used in all experiments in this study. 

As shown in Fig. 3.1, a thermocouple array with 14 numbers of K-type 36-gauge thermocouples 

attached to the inner cylindrical tube was used to measure the temperature profile in the oil and 

water layers. Each thermocouple had a spacing of 1.5 mm. TC 01 was positioned at the surface of 

the crude oil layer, achieving a total measurement depth was 21 mm. The thermocouples were set 

to a data acquisition frequency of 1 Hz and each measurement was averaged within a 10-second 

interval for modeling analysis. A butane torch was used to ignite the oil slick. The mass of initial 

oil slick and burnt residue were weighed for a global average mass loss rate (MLR). The oil residue 

was collected by a 3M petroleum sorbent pad. The average MLR was calculated by the difference 

of oil slick weight divided by recorded burning duration. Each experiment was performed three 

times. 

To determine the flame height, a video camera was positioned on a tripod facing the flame 

horizontally, with a light-absorbing blackboard placed in the background. A tape ruler on the water 

tank side wall was used as a scale reference. Videos of flames were converted to pictures with an 

interval of 1 second. Finally, to reduce the data fluctuation caused by flame puffing, the flame 

height value of every 10 data points was averaged, resulting in plotted data of 10 seconds intervals. 

The operation turbulence intensities for burning experiments are chosen as 𝑢′ = 0.017, 0.025, and 

0.033 m/s (corresponding to flow rates of 1, 1.5, and 2 GPM). Figure 3.2 shows the snapshots of 

the maximum vertical variation in height, 𝛥ℎ of 5 mm crude oil slick sitting on the water surface 

under operation turbulence intensity for burning experiments. Morse et al. [37] used the surface 

height variance as a measure of the turbulence intensity in a confined jet cylindrical tank. They 

estimated the magnitude of velocity fluctuation by balancing kinetic and potential energy change 

using: (𝑢′)2 = 2𝑔√𝛥ℎ2, where 𝑔 is the gravitational acceleration. The 𝑢′ measured by PIV in this 

study match well with the energy balance equation based on the observed 𝛥ℎ. 
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Figure 3. 2: Snapshots of oil slick under operational 𝒖′. 𝜟𝒉 is the maximum vertical variation, 

which indicates the magnitude of fluctuation. 

Turbulent velocities in various natural water resources have been measured in the range of 0.02 – 

0.60 m/s [76] (Table 2.1). To ensure the data accuracy and feasibility of the experiments, the 

turbulence in the current study is controlled at the range of 0 – 0.033 m/s, which sits at the lower 

side of ocean turbulence intensity. 

3.3 Experimental Results 

3.3.1 Mass loss rate 

Figure 3.3 shows the crude oil burning average MLR for the no turbulence baseline and 3 turbulent 

cases. For the baseline case, the oil slick burns in a quiescent surface condition without any 

disturbance from the water sublayer. The oil slick surface remains stationary for the most burning 

time until reaching boilover towards the end of the experiment (Fig. 3.4). Compared with the 

inactiveness of the water sublayer, The turbulent water layer removes heat from the oil slick much 
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more quickly creating a stronger heat sink effect. This results in a high-level global average mass 

consumption rate of 4.8 g/min for the baseline case. At the turbulent intensity of 0.017 m/s, the 

surface only has a mild fluctuation, while the corresponding MLR decreases by 20% from the 

baseline case to 4.0 g/min. This indicates even with weak turbulence, the dynamic water sublayer 

can cause a notable negative impact on the oil burning rate. As shown in Figure 3.3, when 

increasing the turbulence level to 0.033 m/s, the MLR decreases further to 34.2% at 3.6 g/min 

compared with the baseline.  

 

Figure 3. 3: Average MLR as a function of 𝒖′. The baseline case has an MLR of 4.8 g/min. 

𝒖′ = 𝟎. 𝟎𝟏𝟕 m/s, MLR has a 19.8% decrease from baseline case; 𝒖′ = 𝟎. 𝟎𝟐𝟓 m/s, MLR has 

a 30% decrease from baseline case; 𝒖′ = 𝟎. 𝟎𝟑𝟑 m/s, MLR has a 34.2% decrease from the 

baseline case. The error bars represent the standard deviation based on experimental data 

from three repeated experiments. 

3.3.2 Flame height and boilover 

Figure 3.4 shows the flame heights recorded during the crude oil burning experiments under each 

turbulence intensity condition. The flame height overall matches decreasing trend as the MLR as 

the turbulence goes more intensive. The increased heat loss of the burning oil slick due to the 

cooling water mixing makes it difficult for the oil surface to sustain the baseline evaporation rate, 

which causes a reduction in the amount of combustible volatile reaching into the flame zone. 



50 

 

Therefore, the flame height becomes lower as the turbulence level is tuned up. The quenching 

stages after the end of boilover are observed to have different behaviors between baseline and 

turbulence cases. In the baseline case, the oil slick can sustain burning with a low flame height of 

approximately 12 cm following the boilover, while the oil slick burning stops almost instantly after 

the boilover (Fig. 3.4). The typical value of minimum oil spill thickness for self-sustained burning 

is of the order of 0.5 mm [19]. In turbulent conditions, it requires a larger critical thickness for 

self-sustain burning because of the enhanced heat loss through the oil layer. 

 

Figure 3. 4: Flame height during oil slick burning under different water turbulence 

intensities. Each presented dot is a 10-second average. The flame height decreases as 

turbulence in the water sublayer becomes stronger, and the on-set of boilover comes late with 

reduced intensity. 

Figure 3.5a – b illustrates a series of video snapshots of flame conditions at different timestamps 

(20, 100, 200, 300 seconds) and on-set of boilover for all cases. The boilover intensity peaks at the 

baseline burning case, with the shortest time to reach the onset of boilover. During the baseline 

boilover at 270 s (Fig. 3.5a), the ejection of the oil droplets is so intensive that the flame is thrown 

up to reach a maximum flame height of 30 cm. The self-quench quickly follows the boilover where 

flame height suddenly reduces to a low level of 13 cm at 300 s. The turbulent cases share the same 
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transition between the quiescent burning of the oil/water heating stage and the onset of boilover 

(Fig. 3.5b – d), but the flame heights and boilover intensities both are subject to a certain degree 

of reductions. As shown in Figure 3.5d, when 𝑢′ = 0.033 m/s, the onset of boilover has delayed 

to 310 s and only a limited number of droplets are ejected into the flame, where the boilover flame 

height is only 19 cm, which is not significant increase compared to the pre-boilover flame height 

of 14 cm at 300 s.  The time to onset of boilover is increased as it becomes difficult for the heat to 

be accumulated at the oil/water interface to achieve the superheated condition of the water layer. 

The weaker boilover in turbulence cases is also responsible for the reduction in MLR as lesser oil 

droplets are directly consumed in the flame zone.  
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Figure 3. 5: Snapshots of the flame at a series of timestamps of 20, 100, 200, 300 s after the 

ignition. Flame heights are marked at each timestamp under each turbulence intensity, 𝒖′. 

Boilover behaviors are presented in the last column with its time to onset of boilover. (a) 𝒖′ =
𝟎 m/s (baseline); (b) 𝒖′ = 𝟎. 𝟎𝟏𝟕 m/s; (c) 𝒖′ = 𝟎. 𝟎𝟐𝟓 m/s; (d) 𝒖′ = 𝟎. 𝟎𝟑𝟑 m/s. 

3.3.3 Temperature profile in oil and water layers 

Figure 3.6a – d shows the temperature profiles measured by thermocouple array in oil and water 

layers in time series for baseline and turbulence cases. Each dot is averaged within 10 seconds (1 

Hz data acquisition rate) for 20, 100, 200, 300 s timestamps. The grey areas indicate the initial oil 

slick and the blue regions represent the water sublayer. The turbulence causes temperature profiles 

to develop distinctively compared to the baseline temperature profile, such that the gradient 

temperature distribution in the water sublayer in baseline (Fig. 3.6a) disappears in all the 

turbulence cases (Fig. 3.6b – d).  

For the turbulence cases, the hot water sublayer adjacent to the oil/water interface is continuously 

cooled by fresh water because of the turbulent mixing effect. Such a mixing effect keeps the water 
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layer at ambient temperature at any depth and therefore facilitates the heat loss from the burning 

oil slick. While for the baseline case, the convection of the water sublayer is very limited because 

the hot layer close to the hot oil layer will stay at its initial higher position, which results in a much 

slower heat diffusion downwards into the cooler water layer. The oil slick, therefore, can maintain 

a higher average temperature, which is shown by the steeper slope of temperature in the oil layer 

(Fig. 3.6 a). Under no turbulence condition, the water sublayer near the oil/water interface is heated 

effectively and superheats at around 120 °C, which agrees with observations by Garo et al. [19,20] 

for boilover to occur. For turbulence cases, the temperature at the interface is measured to be lower 

than 50 °C, while the boilover phenomena are still present. This is because the oil/water interface 

is moving up and down constantly so the thermocouple at that position (−5 mm) will be exposed 

to both the hot oil layer and cool water sublayer during the 10 seconds averaging period. It is very 

difficult to track and precisely measure at the moving interface. Based on the fact that boilover is 

observed for all the turbulence intensity conditions, we can confirm that the thin water layer 

adjacent to the oil/water interface is superheated enough to create bubble nucleation. 



54 

 

 

Figure 3. 6: Temperature profiles of oil and water layer measured by the thermocouple array 

at different timestamps of 20, 100, 200, 300 s after ignition. Each dot is 10-second averaged. 

(a) 𝒖′ = 𝟎 m/s (baseline); (b) 𝒖′ = 𝟎. 𝟎𝟏𝟕 m/s; (c) 𝒖′ = 𝟎. 𝟎𝟐𝟓 m/s; (d) 𝒖′ = 𝟎. 𝟎𝟑𝟑 m/s. 

3.4 Burning Rate Formulation 

3.4.1 General statements 

Figure 3.7 shows the schematic of the problem. The convection in the thin oil layer can enhance 

the heat transfer close to the oil surface, but the importance of convection decreases with a 

viscosity [20]. It can be neglected for the crude oil relevant to this study [21]. For simplicity, this 

analysis will assume the radiation is fully absorbed at the surface, the following energy balance 

can be made at the oil surface: 
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                                                                          𝑞̇𝑆
′′ = 𝐻𝑣𝜌𝐹𝑟 + 𝑞̇𝑐𝑜𝑛𝑑

′′    ,                                                 (3.1) 

where 𝑞̇𝑐𝑜𝑛𝑑
′′ = −𝑘𝐹 (

𝜕𝑇

𝜕𝑦
)

𝑦=0
 is the heat conducted into the oil layer, 𝐻𝑣  is the latent heat of 

vaporization, 𝜌𝐹 is the density of crude oil, 𝑟 is the regression rate, 𝑞̇𝑆
′′ is the flame heat flux per 

unit area reaching the oil surface and it can be expressed as [21]: 

                                                       𝑞̇𝑆
′′ = 𝜒

4𝜌∞𝑐𝑝,𝑎𝑖𝑟(𝑇∞𝑔(𝑇𝑓 − 𝑇∞))1/2𝐷1/2

𝜋
    ,                           (3.2) 

where 𝜌∞ is the density of the air at ambient temperature, 𝑐𝑝,𝑎𝑖𝑟 is the specific heat at constant 

pressure and ambient temperature for air, 𝑔 is the acceleration of gravity (𝑔 = 9.81 m/s2), 𝑇𝑓 is 

the average flame temperature (𝑇𝑓 ≈ 1100 K in this study [99]), 𝐷 is the diameter of the pool. 

 

Figure 3. 7: Schematic of the problem studied.  𝒒̇𝒄𝒐𝒏𝒅
′′  is the heat conducted into the oil layer, 

𝒚 = 𝟎− stands for the location at the oil surface towards the oil layer, 𝑯𝒗 is the latent heat of 

vaporization, 𝝆𝑭 is the density of crude oil, 𝒓 is the regression rate, 𝒒̇𝑺
′′ is the flame heat flux 

per unit area reaching the oil surface, 𝑻𝒇 is the average flame temperature, 𝑻𝒔 is the boiling 

point of crude oil. 𝒉𝒄𝒐𝒏𝒗 is the convective heat transfer coefficient in the water sublayer. 

3.4.2 Burning rate model 

After the ignition, the oil and water sublayer undergo a transient heat process that will eventually 

lead to a steady regression rate. Steckler et al. [101] and Butler [102] have shown that the short 

transient process is followed by an almost steady regression rate. As shown in Figure 3.6, the 

temperature profiles of the oil slick will become steady under 100 s after the ignition for all the 
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cases. The short temperature development time is because of the thin initial oil thickness, and for 

turbulent cases, the temperature profile becomes steady in an even shorter time is because the 

increased heat diffusion reduces the thermal penetration process through the oil layer. Therefore, 

the average regression rate can be used in the burning rate model in Equation (3) to calculate the 

heat flux required for fuel evaporation.  

In this section, the measured regression rate by experiments will be implemented in Equation (3): 

𝑞̇𝑣𝑎𝑝
′′ = 𝐻𝑣𝜌𝐹𝑟 , which represents the heat flux required to evaporate the regressed fuel. The 

conduction term 𝑞̇𝑐𝑜𝑛𝑑
′′  that goes into the oil layer can be also obtained by the experiments using 

thermocouple measurement data next to the oil surface. The flame heat flux 𝑞̇𝑆
′′ is expressed in 

Equation (4) and should equal to the sum of 𝑞̇𝑣𝑎𝑝
′′  and 𝑞̇𝑐𝑜𝑛𝑑

′′  because of the energy balance at the 

oil surface. Those heat flux values in all the experimental cases are shown in Figure 3.8. As the 

water sublayer become turbulent, the heat sink effect is enhanced, increasing the amount of 

conductive heat (𝑞̇𝑐𝑜𝑛𝑑
′′ ) that goes into the oil layer. In such circumstances, the increasing heat loss 

causes a reduction in MLR (Fig. 3.3) or regression rate. Therefore, the heat required for oil 

evaporation (𝑞̇𝑣𝑎𝑝
′′ ) is reduced. With fewer combustible vapor being released into the flame zone, 

the oil slick burning rate decreases, resulting in the reduction in flame height (Fig. 3.4 and Fig. 

3.5). Eventually the flame heat flux (𝑞̇𝑆
′′) is attenuated and such a negative cycle explains the 

influence of the turbulent water sublayer on the oil slick burning characteristics.  
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Figure 3. 8: Flame heat flux (𝒒̇𝑺
′′), heat flux required for oil evaporation (𝒒̇𝒗𝒂𝒑

′′ ) and heat flux 

due to conduction into the oil layer (𝒒̇𝒄𝒐𝒏𝒅
′′ ) for baseline and turbulent cases. 

Finally, the only unknown 𝜒 which can be solved since the flame heat flux 𝑞̇𝑆
′′ has already been 

obtained. This value is a small fraction of the total combustion heat release rate which represents 

the net heat fed back per unit area to the oil surface and it is independent of the pool diameter [103]. 

The values of 𝜒 for baseline and turbulent cases are shown in Table 1.  

Table 3. 1: Specific fraction (𝝌) of the heat released fed back to the fuel surface under 

different 𝒖′. 

  

The above values of 𝜒 are comparable to data presented by Arai et al. [18] and Torero et al. [21]. 

Farahani et al. [93] used 𝜒 of 5 × 10−3 for Alaska North Slope crude (ANS) oil as the estimation 

of heat release fed back to the fuel surface, which matches well with the obtained 𝜒 in this study. 

As all the values except for 𝜒 in the expression for 𝑞̇𝑆
′′ are constant, the heat source term in the 

burning rate model is default to have a fixed total heat release rate. However, the heat release rate 

of the oil layer combustion will decrease as the turbulence intensity in water sublayer increases. 

The fraction (𝜒) essentially represents such reduction in the heat source supplied onto the oil 

surface, therefore it decreases with the presence of turbulence and keeps going down with stronger 

turbulence. 

3.4.3 One–dimensional oil layer conduction model 

The one-dimension conduction model in this study is based on the works of Arai et al. [18] and 

Garo et al. [20], and the analysis interest is only within the oil layer. The heat conduction equation 

is given by: 
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𝜕𝑇

𝜕𝑡
= 𝛼𝐹

𝜕2𝑇

𝜕𝑦2
     ,                                                            (3.3) 

with the initial condition at  

                                                                𝑡 = 0, 𝑇 = 𝑇∞      ,                                                     (3.4) 

and boundary conditions 

                                                                         𝑦 = 0,     𝑇 = 𝑇𝑆       ,                                                       (3.5)  

                                                   𝑦 = 𝐿,       −𝑘𝐹 (
𝜕𝑇

𝜕𝑦
)

 
= ℎ𝑐𝑜𝑛𝑣(𝑇 − 𝑇∞)        ,                                  (3.6) 

where 𝛼𝐹 is the thermal diffusivity of crude oil,  𝐿 is the initial oil thickness. The properties used 

are shown in Table 2. To account for the turbulent water sublayer, the boundary condition at the 

oil/water interface is set such that the conductive heat from the oil layer equaling to the convection 

in the water sublayer with a convective heat transfer coefficient, ℎ𝑐𝑜𝑛𝑣 . By changing the heat 

transfer coefficient (ℎ𝑐𝑜𝑛𝑣) to match the temperature profiles of experimental measurements and 

numerical results. The specific ℎ𝑐𝑜𝑛𝑣 for each experimental case can be obtained and are shown in 

Figure 3.9.  

 

Table 3. 2: Properties used in the model 

 

As mentioned previously, the Reynolds number of the confined jet system is at the range of 34,000 

– 68,000 for current works. The corresponding ℎ𝑐𝑜𝑛𝑣 values from the model are given in the range 

of 93 – 127 W/m2. This range agrees well with the experimental results from Sargison et al. [104], 
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where the low-speed heat transfer in their study with the Reynolds number of 36,000 is found to 

have the ℎ𝑐𝑜𝑛𝑣 at the range of 65 – 100 W/m2.  

 

Figure 3. 9: Convective heat transfer coefficient in water sublayer as a function of the 

turbulence intensity 𝒖′. The error bars represent the standard deviation of three repeated 

experimental temperature measurements. 

In the baseline case, the heat transfer coefficient stays at the lower value of 32 W/m2, because there 

is no forced turbulent convection in the water sublayer. Since the natural convection has a limited 

intensity level during the pre-boilover burning stage, the heat transfer is dominated by conduction 

from the hot oil/water interface to the water sublayer (Fig. 3.6a). It is after the onset of boilover, 

where the violent bubble nucleation introduces perturbance at the interface, that the convection 

starts to impose on the heat transfer process. During the boilover stage, the hot oil droplets will not 

only be ejected upwards into the flame, some of which will be thrown downwards into the water 

sublayer. While even with such droplet dynamics, the overall convective heat transfer coefficient 

is still low.  

For the turbulent cases, the convective heat transfer coefficient has a distinctive increase to 93 

W/m2 at turbulence intensity 𝑢′ = 0.017 m/s. As the turbulence intensity increases, the increase 

of convective heat transfer coefficient slows down. When 𝑢′ is doubled to 0.033 m/s, the ℎ𝑐𝑜𝑛𝑣 

only increases to 127 W/m2. The sudden rise of the convection heat transfer is because even under 
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the weakest water layer turbulence, the turbulence mixing can maintain the water sublayer at 

ambient temperature (Fig. 3.6b). The sublayer movement will constantly replace the hot water with 

cool water from the bulk water ambient. The convective heat transfer has become the more 

dominant means for heat loss compared to the baseline case having conduction as major means of 

heat loss. Therefore, the convective coefficient increasement from 𝑢′ = 0 m/s to 𝑢′ = 0.017 m/s 

is quite considerable. As the turbulence further increases, the mixing effect becomes more 

intensive, and the replacement rate of the hot water is higher. While such heat transfer 

enhancement has slowed down.   

3.4 Conclusions 

A series of experiments are conducted to understand the influence of surface turbulence on the oil 

slick burning on a water bath. Crude oil slick with an initial thickness of 5 mm has been used and 

the mass loss rate decreases when the water sublayer is made turbulent. A weaker burning process 

with smaller flame height and boilover behavior is observed as the turbulence intensity becomes 

stronger. The thermocouple array measurements indicate that the water sublayer cannot develop 

temperature gradients even at the low level of turbulence intensity at 𝑢′ = 0.017 m/s. The heat 

reaching the water will be instantly taken away because of the turbulent mixing thus facilitating 

the heat loss of the oil slick, which causes a reduction in MLR up to 34% at 𝑢′ = 0.033 m/s 

compared to baseline. The convective heat transfer coefficient in the water sublayer is obtained by 

matching the one-dimensional conduction model to the measurement data and has the value of 

ℎ𝑐𝑜𝑛𝑣 = 78, 93, 125 W/m2 corresponding to 𝑢′ =  0.017 , 0.025, 0.033 m/s. The values of 𝜒 

indicate the fraction of the total combustion heat release rate being absorbed onto the fuel surface, 

and it decreases with the turbulence intensity which is a result of weakened flame causing heat 

flux changes in the mass burning rate model. The heat and mass transfer characteristics during the 

oil slick burning are highly related and both are subject to the impact of the presence of turbulence 

in the water sublayer. The results in this study reveal the challenge of in-situ burning in the ocean 

environment in detail and can potentially lead to improve oil removal efficiency in the following 

chapter. 
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Chapter 4: Heptane and dodecane fuel slick burning with an 

immersed copper rod 

4.1 Problem Statement 

In this Chapter, a more complicated burning configuration is studied, where a copper rod (Flame 

Refluxer) is introduced to the floating fuel slick region. The rod placement location has a specific 

design such that the lower rod section is immersed in the fuel and water layer and the upper section 

is exposed to the flame. Under this burning condition, the copper rod has two major heat transfer 

behaviors. The first is heat collection in the gas phase, where the combustion heat released in the 

reaction zone is collected by the copper rod surface. Some amount of this collected heat will be 

transferred through the rod body to the liquid layer in the immersed section, where the second 

behavior as the liquids heating element occurs. The fuel slick thus has two ways of receiving heat, 

of which one is thorough the gas phase directly and the second is through the copper rod that 

collects the heat from the flame and transmits it to the fuel slick. Because of the additional heat 

transfer terms introduced with the copper rod, the burning problem becomes more involved with 

heat source and heat loss terms interacting among the rod body, fuel slick, and turbulent water 

sublayer. 

Figure 4.1a shows the fuel slick burning with no immersed rod. The regression rate of a floating 

fuel slick can be modeled by an energy balance equation at the fuel surface [21], such that the heat 

used for fuel evaporation (𝑚̇𝐹
 𝐿𝐹

 ) equals the difference of surface heat input from the flame (𝑞̇𝑠
 ) 

and the conduction heat loss into the fuel layer at the gas/fuel interface (𝑞̇𝑐𝑜𝑛𝑑
 ). The equation can 

be written as: 

                                                                     𝑚̇𝐹
 𝐿𝐹

 = 𝑞̇𝑠
 − 𝑞̇𝑐𝑜𝑛𝑑

    ,                                                         (4.1) 

where 𝐿𝐹
  is the heat of gasification of the fuel, and it can be expressed as: 𝐿𝐹

 = 𝛥𝐻𝐹 + 𝑐𝑝,𝑙(𝑇𝑏 −

𝑇∞). 𝛥𝐻𝐹  is the energy required to vaporize a unit mass of liquid at boiling temperature, 𝑇𝑏 . 

𝑐𝑝,𝑙(𝑇𝑏 − 𝑇∞) is the energy needs to raise a unit mass of liquid from original temperature to 𝑇𝑏. 

The mass burning rate 𝑚̇𝐹
  is: 
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                                                                             𝑚̇𝐹
 = 𝜌𝐹𝑟(𝑡)   ,                                                             (4.2) 

where 𝜌𝐹 is the fuel density, and 𝑟(𝑡) is the regression rate of burning fuel. The convection in the 

thin fuel layer can enhance the heat transfer close to the fuel surface, but the importance of 

convection decreases with an increase in viscosity [20]. For the turbulent cases in this study, the 

convection in the water sublayer will be considered as a means of heat loss from the fuel layer. 

When the water sublayer is made turbulent, the temperature profile will be affected because of the 

mixing and cooling in the water bath. The overall temperature of the fuel layer will decrease as the 

heat loss through the fuel/water interface is enhanced by convection, which leads to a lower 

interface temperature (Fig 4.1). This temperature profile has a distinctive difference compared to 

conventional no turbulence burning conditions, where the continuous temperature change is 

formed in the fuel and water layers. While in the turbulent condition, there will be a sudden 

temperature drop at the lower side of the interface as the hot water at this level is constantly 

replaced by the cool water carried by the turbulence. This change of heat transfer behavior at the 

interface will have an impact on the in-depth conduction term, 𝑞̇𝑐𝑜𝑛𝑑
  at the fuel surface. Given that 

the burning fuel surface temperature is maintained at the boiling temperature 𝑇𝑏 , and 𝑞̇𝑐𝑜𝑛𝑑
  is 

dependent on the temperature profile within the fuel layer, the boundary condition at the fuel/water 

interface thus becomes a crucial subject to analyze. Note that in reality, the burning surface 

temperature, 𝑇𝑠  is slightly less than 𝑇𝑏 and can be obtained by the thermodynamic equilibrium 

condition with the Clausius – Clapeyron equation. However, for practical purpose the 𝑇𝑠 and 𝑇𝑏 

can be comparable with an error less than 2% [105]. As the water sublayer becomes turbulent, the 

boundary condition changes into convection form other than conduction in no turbulence condition. 

Such convective heat transfer in the water layer relates to and increases with the turbulence 

intensity, 𝑢′, which has also been discussed in Chapter 3. 



63 

 

 

Figure 4. 1: Schematics of the heat transfer energy terms and temperature profiles. (a) Fuel 

slick burning without copper rod. (b) Fuel slick burning with the immersed copper rod. 

Assume the temperature profiles are in steady burning stage, and the heat loss laterally 

through the cylinder wall is neglected. 

Figure 4.1:  

Figure 4.1b shows the energy balance at the fuel surface in a more complicated burning condition 

with an immersed copper rod. The energy input, 𝑞̇𝑠
  and loss, 𝑞̇𝑙𝑜𝑠𝑠

  at the liquid layers are still 

present in this case, and the extra energy components introduced by the copper rod will change the 

energy balance formulation as, 

  (𝑚̇𝐹,𝑟𝑜𝑑
 + 𝑚̇𝐹,𝑠𝑢𝑟𝑓

 )𝐿𝐹
 + (𝑚̇𝑊,𝑟𝑜𝑑

 + 𝑚̇𝑊,𝑖𝑛𝑡
 )𝐿𝑊 = 𝑞̇𝑠

 + 𝑞̇𝑒,𝑟𝑜𝑑
 − 𝑞̇𝑙𝑜𝑠𝑠.𝑖𝑛𝑡

 − 𝑞̇𝑙𝑜𝑠𝑠.𝑟𝑜𝑑
    , (4.3) 

where 𝑞̇𝑒,𝑟𝑜𝑑
  is the external heat input coming through the rod’s cross-section area. The heat loss 

term now includes two components. One is 𝑞̇𝑙𝑜𝑠𝑠.𝑖𝑛𝑡
  at the fuel/water interface, and the other one 

is 𝑞̇𝑙𝑜𝑠𝑠.𝑟𝑜𝑑
  on the rod bottom area in the water sublayer. The surface energy input terms 𝑞̇𝑠

  and the 

energy used for fuel evaporation at the surface 𝑚̇𝐹,𝑠𝑢𝑟𝑓
 𝐿𝐹

  are the same as no rod condition.   

For both burning conditions (Fig. 4.1), the regression rate is therefore determined based on the net 

energy input within the fuel layer, which is consumed by fuel evaporation at the surface (𝑚̇𝐹
 𝐿𝐹

 ). 

𝑚̇𝐹,𝑟𝑜𝑑
  and 𝑚̇𝑊,𝑟𝑜𝑑

  are the mass of fuel and water bubble generation on the rod respectively. 

𝑚̇𝑊,𝑖𝑛𝑡
  represents the water bubble generated on the fuel/water interface due to boilover. Those 

terms cause latent energy transfer because of the placement of the copper rod. Note that it is not 
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necessary for all the terms to appear all at once. Under each burning condition, the bubble 

behaviors are different, and the energy balance equation will be modified to accommodate that. 

The total energy input through the rod, 𝑞̇𝑒,𝑟𝑜𝑑
  dissipates into both liquid layers. However, in 

difference liquid layers, the heat transfer intensities can have huge difference depending on 

whether nucleate boiling will occur. Figure 4.2 shows the areas where heat transfer takes place in 

the rod’s immersed section. 𝐴1  is the rod’s cross-section area at the fuel/air interface through 

which 𝑞̇𝑒,𝑟𝑜𝑑
  is transferred to the liquids. In addition, 𝐴1 is the original fuel surface area that is 

taken away because of the rod. 𝐴2 is the rod’s side area within the fuel layer where the energy 

from the rod works to facilitate the burning rate. 𝐴2 can be considered as a new fuel surface area 

that can provide: (1) heat transfer to the fuel layer if no boiling enhancement on 𝑚̇𝐹
 ; (2) heat and 

mass transfer when boiling occurs. In the second situation, there will be an enhancement on 𝑚̇𝐹
  

because of more heat being supplied to the fuel layer as boiling heat transfer is strong and the fuel 

is vaporized directly into escaping bubbles. 𝐴3 is the rod’s area in water, which provides: (1) heat 

loss to the water sublayer if no boiling occurs; (2) heat loss to the water layer plus heat loss to 

water vapor if boiling occurs. The decisive factor of the boiling location is the boiling temperature 

of the fuel, 𝑇𝑏,𝐹. When the fuel boiling point is higher than water boiling point (𝑇𝑏,𝐹 > 𝑇𝑏,𝑊), the 

nucleate boiling will happen only in water on 𝐴3. In this case, the generated bubbles become water 

vapor instead of fuel vapor, and the burning will be suppressed rather than being facilitated. If the 

fuel boiling point is lower than water boiling point (𝑇𝑏,𝐹 < 𝑇𝑏,𝑊), the nucleate boiling area will be 

𝐴2 within the fuel layer (Fig 4.2). In this case, generated bubbles of fuel vapor rise to the surface, 

burst and enhance mass burning rate, which causes a positive heat feedback loop and further 

facilities the burning. 
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Figure 4. 2: Schematics of rod areas and nucleate boiling conditions in the immersed section. 

𝑨𝟏 is the rod’s cross-section area at the fuel/air interface. 𝑨𝟐 is the rod’s side area within the 

fuel layer. 𝑨𝟑 is the rod’s side wall plus bottom area immersed in the water sublayer. 

The temperature profiles of the rod case shown in Figure 4.1 (b) reveal important aspects to set up 

the heat transfer boundary condition at the water sublayer. Under turbulence conditions, the sudden 

temperature drop can be described by a convection boundary condition. While for zero turbulence 

conditions, the temperature profiles for both rod and no rod cases have no discontinuity at the 

fuel/water interface since the heat transfer is by conductive heat diffusion from the hot fuel layer 

to the water underneath. For that reason, the boundary condition can be described in a conduction 

form. Also note that the water sublayer with the immersed rod condition can reach the boiling 

temperature, where there will be no temperature gradient in the water sublayer when such a 

temperature profile is developed. The temperature gradient will also be formed within the copper 

rod (Fig. 4.1 (b)). Despite the high thermal conductivity of copper, the temperature profile at the 

gas/fuel interface still sees a noticeable decrease. Such temperature difference drives the energy 

from the hot heat-collecting section into the immersed section in the liquids and can be measured 

to obtain the external heat input, 𝑞̇𝑒,𝑟𝑜𝑑
 . When the water layer becomes turbulent, the overall 
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temperature in the immersed rod section is lower than no turbulence condition as the rod bottom 

area will be exposed to a much cooler water bath.  

4.2 Experimental Setup 

Figure 4.3 shows the experimental setup schematic and photograph. The turbulence generation 

platform introduced previously was used to create the isotropic turbulence at the water layer. The 

turbulence intensity in this chapter was set to the range of 𝑢′ = 0 (baseline), 0.017, and 0.033 m/s. 

As discussed in Chapter 3, a desired u’, can be easily set in the current experimental platform by 

adjusting the flow rate of the water jet. Further, the turbulence is isotropic and therefore an 

idealized turbulent boundary condition can be imposed in the water sublayer to analyze the 

influence of wave generated turbulence during fuel layer burning.  A thermocouple array 

consisting of 13 K-type 36 Gauge thermocouples was placed vertically at the cylinder inner wall. 

The total measurement depth was 21 mm (Fig. 4.3a), which created a 1.2 mm spacing between 

thermocouples. Two sizes of copper rods were used in the experiment with diameters of 10 and 20 

mm. The total length of each rod was 150 mm, and it was placed at the top of the platform using 

a holding structure shown in Figure 4.3b. The structure had a quick release sliding mechanism to 

adjust the vertical position of the copper rod. The bottom of the rod was immersed at 10 mm lower 

than the fuel/water interface before each experiment, which was 15 mm below the fuel surface. 

The rod top section with a length of 35 mm was clamped on the holding structure, which allowed 

a 100 mm length of the rod surface exposed to the fire as the heat collection area. The ceramic 

fiber was used as insulation between clamping surfaces to prevent heat loss to the holding structure. 

Each copper rod was polished with 2000 Grit sandpaper before experiments for constant surface 

finish.  
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(a)       

(b)    

Figure 4. 3: (a) Schematic of the experimental setup with photographs of the rod 

thermocouple positions and thermocouple array. (b) Photograph of the experimental setup, 

including the turbulence generation system, the fuel slick burning platform, and the rod 

holding structure. 
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Four K-type thermocouples were implemented in each copper rod, where three were fixed on the 

surface (A, B, and C) and one was embedded at the center axis inside of the rod (D). Thermocouple 

A was fixed above the fuel surface in the gas phase. Thermocouple B was located within the fuel 

layer and thermocouple C was fixed at the bottom of the rod in the water sublayer. The spacing 

between A and B was 20 mm. The spacing between B and C was 12 mm (Fig. 4.3a). The sampling 

rate for all the thermocouples was set to 1 Hz. 

Dodecane and heptane were selected as the fuel types and the initial fuel thickness was 5 mm for 

all the experiments. The choice of dodecane and heptane as fuels was because of different boiling 

behaviors at the rod’ surface because of their boiling points of 216 °C (𝑇𝑏,𝐹 > 𝑇𝑏,𝑊) and 98 °C 

(𝑇𝑏,𝐹 < 𝑇𝑏,𝑊). For dodecane layer burning on a still water surface with a rod immersed in fuel and 

water layers, the bubble nucleation would only occur on the rod’s surface in the water layer, which 

yielded additional water vapor mass generation, 𝑚̇𝑊,𝑟𝑜𝑑
 , causing suppression effects on burning 

compared with the no rod case. The high heat flux coming from the rod was lost to the water layer 

due to water bubble vaporization instead of supplying heat to the dodecane layer. While for heptane 

layer burning, since the boiling temperature of the fuel was lower than water, the nucleation sites 

were only observed within the heptane layer on the rod’s surface, yielding additional fuel vapor 

mass generation, 𝑚̇𝐹,𝑟𝑜𝑑
 . In this case, the combustion was enhanced because of additional heptane 

vapor. Each boiling mode will be discussed in detail in this chapter. 

 

Figure 4. 4: Schematic of nucleate boiling modes in still water condition. (a) Dodecane layer 

burning. Nucleation sites in the water layer. (b) Heptane layer burning. Nucleation sites in 

the heptane layer. 
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Two Chronos 1.4 highspeed cameras with macro lenses were used to record the bubble departure 

size and frequency at the nucleation sites, of which one camera was set to focus on the immersed 

rod surface at 2873 frames per second (FPS) with a resolution of 800 × 600. Another one looked 

down on the fuel surface at 1057 FPS with a resolution of 1280 × 1026 to capture water bubbles 

generated by boilover. The different camera settings were to ensure the capture of the entire 

development and departure process of each bubble. The bubble departure rate on the rod’s surface 

was much faster with smaller departure size compared with the boilover water bubbling at the fuel 

surface. The departure size and frequency data were used to calculate the amount of energy for 

different liquid vaporization. For the flame height recording, a DSLR camera was used with the 

setting of 60 FPS at 1920 × 1080 resolution. This camera also was used to record the burning 

time, which yielded the average regression rate or mass loss rate (MLR) by dividing the initial fuel 

thickness or initial fuel mass. The experiment matrix is shown in Table 4.1 and each experiment 

was repeated three times. 

Table 4. 1: Experiment matrix. 

 

4.3 General Statements for the Burning Rate Formulation 

The introduction of a copper rod complicates the energy terms during the fuel-burning process. 

For this reason, Equation 4.1 can only be applied to no rod cases. After the ignition of the fuel 

layer, the copper rod section exposed to the flame begins to absorb heat. Since the top section is 

insulated by ceramic fiber, and the bottom section is immersed in the fuel and water sublayer, the 

heat will find its way downwards, dissipating into the liquid layers. The temperature difference 

between the hot copper surface and ambient liquid boiling temperature will eventually reach the 

onset of the nucleate boiling. As the nucleate boiling occurs at the rod surface, this amount of latent 
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energy loss can no longer be described using a surface energy balance equation, because the boiling 

heat transfer takes place within the liquid layer. The rod also provides an external heat source to 

the liquid layers. Therefore, the energy input term is not only from the gas phase but the vertical 

conduction within the copper rod should be included. At this point, a control volume should be 

identified to account for all the energy terms. 

Figure 4.5 shows the schematic of the control volume used for the burning rate model. The 

cylindrical volume includes the fuel surface as the upper boundary. The bottom of the control 

volume is at the same level as the copper rod bottom surface. In such configuration, the control 

volume covers the entire sidewall surface of the immersed copper rod, so that the heat transfer 

from the hot copper rod surface to the cylindrical liquid body does not need to be experimentally 

measured for the control volume energy balance. The energy loss, 𝑞̇𝑙𝑜𝑠𝑠
  at the lower control 

volume boundary to water bath can be categorized into two parts: heat loss at the rod bottom 

surface to contacting water layer and heat loss through the remaining water layer at this bottom 

boundary. Both can be obtained by thermocouple measurements. On the upper boundary, the 

energy input has two terms: surface heat term from the flame, 𝑞̇𝑠
  and heat conduction term through 

the copper rod cross-section area, 𝑞̇𝑒,𝑟𝑜𝑑
 . The energy loss at the upper surface comes from the fuel 

regression term, 𝑚̇𝐹
 𝐿𝐹

 , which is used to evaporate the fuel.  

 

Figure 4. 5: Schematic of the energy balance on the control volume. 

The general energy balance equation of the control volume can be written as: 

                                            𝑚̇𝑟𝑜𝑑
 𝐿 = 𝑞̇𝑠 + 𝑞̇𝑒,𝑟𝑜𝑑 − 𝑞̇𝑙𝑜𝑠𝑠 − 𝑚̇𝐹,𝑠𝑢𝑟𝑓

 𝐿𝐹 − 𝑚̇𝑊,𝑖𝑛𝑡
 𝐿𝑊   ,                  (4.4) 
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where, 𝑚̇𝑟𝑜𝑑
 𝐿 is the heat used for liquid evaporation on the rod’s surface. For dodecane, this term 

can be expressed as: 𝑚̇𝑟𝑜𝑑
 𝐿 = 𝑚̇𝑊,𝑟𝑜𝑑

 𝐿𝑊 , 𝐿𝑊 = 𝛥ℎ𝑓𝑔,𝑊 + 𝑐𝑝,𝑊(𝑇𝑏,𝑊 − 𝑇∞) . For heptane, 

𝑚̇𝑟𝑜𝑑
 𝐿 = 𝑚̇𝐹,𝑟𝑜𝑑

 𝐿𝐹, 𝐿𝐹 = 𝛥ℎ𝑓𝑔,𝐹 + 𝑐𝑝,𝐹(𝑇𝑏,𝐹 − 𝑇∞) . 𝛥ℎ𝑓𝑔  and 𝑐𝑝  are the latent heat of 

gasification and the specific heat of the liquids respectively. 𝑞̇𝑠 is the energy input from the gas 

phase onto the fuel surface, and it can be obtained by thermocouple measurements in the gas phase 

near the fuel surface [106]: 

                                                             𝑞̇𝑠 = 𝑞̇𝑟 + 𝐴𝐹𝑘𝑎𝑖𝑟 (
𝑑𝑇

𝑑𝑦
)

𝑦=0+

   ,                                                 (4.5) 

where 𝑞̇𝑟 is the radiant heat absorbed on the fuel surface. Radiation through the fuel layer can be 

of importance [14]  but for the fuel of interest it has been demonstrated that most of the radiative 

heat flux is absorbed very close to the surface [20]. The ratio of the radiative heat flux to the total 

heat flux is very limited for the small size pool fire. For a 6 cm diameter pool, the average radiant 

heat flux is roughly estimated to be between 0.3 – 0.5 W/m2 [18]. It would of course be ideal to 

measure the radiant flux at the surface, but a large disturbance to the fuel evaporation would occur 

for such a small pool fire when a radiometer is placed at the fuel surface. Therefore, we only 

consider the heating received from the gas phase measured by 𝐴𝐹𝑘𝑎𝑖𝑟 (
𝑑𝑇

𝑑𝑦
)

𝑦=0+
.  𝐴𝐹 is the fuel 

surface area, which can be expressed as: 𝐴𝐹 = 𝐴𝑝𝑜𝑜𝑙 − 𝐴𝑟𝑜𝑑 = 𝜋(
𝐷2

4
−

𝑑𝑟
2

4
). 𝑑𝑟

  is the diameter of 

the rod. 𝑘𝑎𝑖𝑟 is the thermal conductivity of the vapor space immediately above the surface at the 

average temperature in this space. (𝑑𝑇/𝑑𝑦)𝑦=0+  represents the temperature slope at the fuel 

surface and the subscript “+” identifies conditions on the gas side of the surface.  𝑞̇𝑒,𝑟𝑜𝑑 is the 

external heat addition through the rod into the control volume. It can be obtained by the 

thermocouple A and B shown in Figure 4.3 (a). 𝑞̇𝑙𝑜𝑠𝑠 is the heat loss to the bottom boundary of the 

control volume. For no turbulence cases, 𝑞̇𝑙𝑜𝑠𝑠 = 𝐴𝐹
 𝑘𝑊(𝑑𝑇/𝑑𝑦)𝐹/𝑊− where 𝑘𝑊  is the thermal 

conductivity of water and “𝐹/𝑊 −” denotes the fuel/water interface at the water sublayer side. 

For turbulence cases, 𝑞̇𝑙𝑜𝑠𝑠 = 𝐴𝐹
 ℎ𝑖𝑛𝑡(𝑇𝑖𝑛𝑡 − 𝑇∞) and ℎ𝑖𝑛𝑡  is the convective heat transfer 

coefficient at the water sublayer. 𝑇𝑖𝑛𝑡 is the fuel/water interface temperature. 𝑚̇𝐹,𝑠𝑢𝑟𝑓
 𝐿𝐹 is the heat 

used for fuel evaporation at the pool surface. 𝑚̇𝑊,𝑖𝑛𝑡
 𝐿𝐹 represents the heat used to generate water 

bubbles at the fuel/water interface during boilover.  
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The energy terms mentioned above indicate all the heat sources and heat losses in the unit of Watts. 

Among those, there are obtained experimentally by direct thermocouple measurements such as 𝑞̇𝑠, 

𝑞̇𝑒,𝑟𝑜𝑑  and 𝑞̇𝑙𝑜𝑠𝑠 . Some energy terms are obtained by analyzing bubble departure size and 

frequency via highspeed videography such as 𝑚̇𝑟𝑜𝑑
 𝐿 and 𝑚̇𝑊,𝑖𝑛𝑡

 𝐿𝐹. Finally, the remaining term 

𝑚̇𝐹,𝑠𝑢𝑟𝑓
 𝐿𝐹 can be calculated by the energy balance equation. 

Experimental results of dodecane burning configurations shown in Table 4.1 will be illustrated 

and discussed in the following sections, which includes burning regression rates, flame heights, 

and temperature profiles, and burning rate formulations for dodecane and layer burning. According 

to the results of Chapter 3, it is known that for fuel slick burning on a turbulent water surface, the 

burning intensity will decrease as the turbulence gets stronger. The issue occurs because of the 

increasing convective heat loss in the water sublayer. Based on that, the copper rod is introduced 

to increase the amount of heat dissipated into the fuel layer, acting against the negative impact of 

the wavy water sublayer.  

Interestingly, the copper rod will not always facilitate the burning rate of the fuel layer. The 

unexpected reduction in burning rate occurs at the dodecane layer burning with no turbulence cases, 

where the nucleate boiling was only observed on the rod’s surface in the water sublayer because 

of the lower boiling point of water compared with dodecane. Therefore, the collected heat coming 

through the copper rod is mostly transferred to the water layer, consumed by the water evaporation 

process. Also, the water sublayer temperature will quickly rise to the boiling point because of the 

heat transfer enhancement, which leads to the onset of boilover at the dodecane/water interface. 

On the contrary, when the heptane layer is burnt, the nucleation sites appear on the copper rod 

surface within the heptane layer, which facilitates the burning rate. The boilover will not occur at 

the heptane/water interface because the heptane boiling point is lower than 100 °C, which is not 

sufficient to bring the water sublayer to superheated condition. For all turbulence cases, no 

nucleate boiling is observed for either dodecane or heptane burning process. Therefore, the 

presence of the copper rod will have both positive and negative influence on the burning rate 

depending on the water sublayer condition.  
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Given the complexity of the rod and turbulence combinations, the following sections will 

demonstrate the effect of different sizes of copper rods on dodecane and heptane with/without 

turbulence in the water sublayer respectively. 

4.4 Rod Effects on Dodecane Burning 

4.4.1 Regression Rate of Dodecane 

Regression rate is defined as the fuel consumption speed during burning and is an important 

parameter of floating fuel slick burning. Figure 4.6 shows the dodecane layer regression rates for 

0, 10, 20 mm copper rods as a function of turbulence intensity.  

For the no rod (𝑑𝑟 = 0 mm) and no turbulence (𝑢′ = 0 m/s) baseline case, the average regression 

rate is 0.6 mm/min, which appears to be the highest value among all the cases. Under this burning 

condition, the net energy input onto the fuel surface is represented by the heat flux, 𝑞̇𝑠
′′ (Fig. 4.5). 

This term can be estimated based on the flame temperature, 𝑇𝑓 using the following expression 

[18,21]: 

                                                     𝑞̇𝑠
′′ = 𝜒

4𝜌∞𝑐𝑝,𝑎𝑖𝑟(𝑇∞𝑔(𝑇𝑓 − 𝑇∞))1/2𝐷1/2

𝜋
   ,                                (4.6) 

where 𝜌∞ is the density of the air at ambient temperature, 𝑐𝑝,𝑎𝑖𝑟 is the specific heat at constant 

pressure and ambient temperature for air, 𝑔 is the acceleration of gravity (𝑔 = 9.81 m/s2), 𝑇𝑓 is 

the average flame temperature (𝑇𝑓 ≈ 1100 K [99]), 𝐷 is the diameter of the pool. Importantly, 𝜒 

represents the fraction of the total heat release that is fed back to the fuel surface, which has a small 

value in the order of 10−3. By placing a copper rod between the flame and liquid layers, the 

expectation was to observe an enhancement to the total energy input 𝑞̇𝑠
′′. However, when a 10 mm 

diameter copper rod is immersed into the dodecane and water layers, the regression rate reduces 

to 0.47 mm/min, which is a 22% reduction to the baseline no rod condition. As the rod diameter 

increases to 20 mm, the regression rate continues to fall to 0.43 mm/min, which is a 28% reduction 

from the baseline. Although thermal energy is transferred from the immersed rod surface into the 

dodecane layer, most of the energy is lost into the water layer. From a heat transfer standpoint, the 

boiling heat transfer coefficient (> 1000 W/m2K) is much larger than that of natural convection 
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(~100 W/m2K) in water [107]. Consequently, the heat transfer into the fuel layer is an order of 

magnitude lower compared to the heat transfer to the water layer where boiling is observed on the 

copper rod section immersed in water. Nucleate boiling is observed at the dodecane/water interface 

for all the no turbulence cases (𝑢′ = 0 m/s). The water vapor bubbles generated within the control 

volume rise to the surface and burst, thereby releasing steam into the gas phase, which induces a 

suppression by water vapor in the flame. This effect is modeled using Quintiere’s burning rate 

model with the inclusion of a suppressant [108]. Note that the water evaporation occurs within the 

liquid control volume in this study (Fig. 4.5). In Quintiere’s model, the water is supplied directly 

on the surface of the burning material such as water droplets from sprinkler sprays. The water 

droplets travel through the flame sheet absorbing heat and finally evaporate on the material surface. 

During such process, the heat of combustion is partially consumed by the latent heat used for water 

evaporation, which eventually causes the suppression effect on the burning rate. In this study, the 

water bubble bursting on the pool surface not only releases steam to the gas phase, but also eject 

micro droplets of fuel into the flame [109,110]. By highspeed observations of the bursting 

dynamics at the dodecane surface, the micro sprays caused by the bubble bursting occasionally 

burn in the gas phase, which indicates that the droplets can be either dodecane or water. Compared 

with the intensive water bubble generation, the micro sprays do not have a noticeable involvement 

in terms of the enhancement nor suppression of the flame with only one immersed rod. Therefore, 

the effect of the bursting sprays will not be considered in this study. 

 

Figure 4. 6: Dodecane layer burning regression rates with 0, 10, 20 mm diameter copper rods 

as a function of turbulence intensity. 
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When water layer turbulence intensity increases to 𝑢′ = 0.017  m/s, the dodecane burning 

regression rate of no rod case (𝑑𝑟 = 0 mm) slightly decreases to 0.58 mm/min, which is a 3% 

reduction from the baseline (𝑢′ = 0  m/s). It is because the turbulence at the water sublayer 

continuously replaces the hot water adjacent to the dodecane/water interface with fresh water 

coming from the tank bottom. The hot water sublayer under the interface that is formed in the no 

turbulence case can no longer be sustained, therefore the dodecane layer is exposed to a much 

cooler water sublayer at ambient temperature. As a result, the dodecane layer has a longer burning 

time with stronger turbulence intensity, and the water sublayer boilover behavior disappears. When 

the turbulence is increased to 𝑢′ = 0.033 m/s, the regression rate further reduces to 0.52 mm/min. 

The experimental results of no rod cases are similar to results shown in Chapter 3, where crude oil 

slicks are burned under different water sublayer turbulence conditions.  

For 10 mm copper rod (𝑑𝑟 = 10 mm) at turbulence intensity of 𝑢′ = 0.017 m/s, the regression 

rate decreases to 0.51 mm/min compared with no rod case (0.58 mm/min) at the same turbulence 

level, but has an increase compared with 10 mm rod/no turbulence case (0.47 mm/min). The 

reduction is because the rod bottom section will constantly be surrounded by the cool turbulent 

water sublayer, facilitating heat loss into the bulk water body. Such path of heat lost mechanism 

is similar to the rods/no turbulence cases, but since there is no nucleate boiling observed under 

turbulent conditions, the heat loss effect is weaker. For that reason, there is an increase in 

regression rate compared with the 10 mm rod/no turbulence case. For 20 mm copper rod (𝑑𝑟 = 20 

mm) at turbulence intensity of 𝑢′ = 0.017 m/s, the regression rate turns out to be identical with 

the 10 mm rod case. The thicker rod has a larger surface area immersed in both dodecane and water 

layers, so more surface area will be exposed to cold water sublayer. Despite that, the dodecane 

layer will receive an increasing amount of external heat from the hot rod surface to the fuel layer. 

The heat loss effect is counteracted because of this external heat term. 

As the turbulence intensity increases at 𝑢′ = 0.033 m/s, the regression rates of 10 mm and 20 mm 

rod reduce further compared with 𝑢′ = 0.017 m/s turbulence case at 0.51 mm/min (Fig 4.6). The 

10 mm rod case has a more significant decrease to 0.42 mm/min, while the 20 mm rod case only 

reduces to 0.48 mm/min, which indicates the heating effects to the dodecane layer is more 

dominant than the heat loss effect as the copper rod gets larger. In addition, the larger rod is more 

capable of collecting heat from the flame zone, so it is less sensitive to the negative impact of the 
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stronger turbulence intensity. For the no rod burning case, the regression rate decreases to 0.46 

mm/min which becomes lower than the 20 mm rod case (0.48 mm/min). This indicates that the 

thicker rod is acting positively in terms of the burning speed under the high turbulence condition, 

and it can effectively sustain the temperature of the fuel layer despite the turbulent convective loss 

increases in the water sublayer. 

4.4.2 Flame Height of Dodecane 

Figure 4.7 shows the flame height history for all the dodecane burning conditions. During an initial 

heating stage, the flame height constantly increases. After a pre-heating stage, the flame height is 

maintained at a nearly constant value until it starts to decrease towards the end of the burning. The 

three stages are mark by dashed lines in Figure 4.7. For all the experiments, the fuel slick burning 

is a transient process because of the regressing fuel thickness. However, a steady burning stage 

can be reasonably assumed for all the cases between the pre-heating stage and decaying stage, 

which corresponds to 130 – 330 seconds for all cases. In the steady burning stage, the fuel layer 

temperature has established to support a nearly constant burning regression rate. Since the energy 

input from the flame is determined directly by the thermocouple measurements close to the surface, 

this steady regression period is therefore beneficial to exam the regression rate formulation. 

To obtain the flame height results, a specific MATLAB algorithm is used. Before using the 

algorithm, the flame height videos need to be edited by adjusting the brightness and contrast, so 

that only the flame in the image has high light pixels while the background becomes black. This 

is to avoid the lighting noise that can affect the detection of the real flame height. When the videos 

are ready, the algorithm works in two steps to output the flame height results. Firstly, a series of 

images are extracted with a chosen time interval. In this case, the interval is set at 5 seconds for all 

the burning cases. To do that, the code reads the video and asks to setup a start time and end time 

for analysis which correspond to the ignition and extinction time. Then, the region of interest needs 

to be identified by directly dragging the window frame on the video image. The whole flaming 

area should be included in this region for accuracy and the bottom of the frame should be at the 

pool surface. The series of flame images from the time of fire start to the end with a 5-second 

interval will be output to be used for the next measurement part. The second part of algorithm 

reads each flame image and binarizes it into black and white format. Since the videos are edited 
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previously, after binarization, the flame area will be clear and precise for measurement. Next, the 

code begins to detect the flame tip starting from the top of the interests of region. The conventional 

way is to measure from the bottom of the frame. However, the horizontal parts of the copper rod’s 

holding structure will cover up the flame area and cause a breakage of the flame area, which leads 

to the inaccurate detection of the real flame height. To avoid this, the flame height detection now 

begins from the top. Each pixel distance is calibrated using the measuring tape attached to the front 

of the water tank. Each extracted flame image will go through this process to yield the flame height 

data at the corresponding timestamp. Finally, the flame height data of the series images across the 

burning process is obtained. 
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Figure 4. 7: Flame height for dodecane layer burning experiments. 

When the dodecane layer is burning without any copper rod ( 𝑑 = 0  mm), the flame height 

decreases with higher turbulence intensity in the water sublayer. Across all the cases, the highest 
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turbulence conditions ( 𝑢′ = 0.033  m/s) have lower flame heights, which is caused by the 

increasing turbulent cooling effects at the fuel/water interface and the rod bottom section. For no 

turbulence cases (𝑢′ = 0 m/s), the flame height is higher when no rod is used compared to the 

flame heights with both 10 mm and 20 mm rod cases. This is also where the suppression effects 

are observed caused by the water bubble nucleation at the rod surface immersed in the water 

sublayer. 

Figure 4.8 shows the snapshots of flame heights for all the experimental configurations at 250 

seconds after ignition. This time is chosen because the pre-heating stages for all the experiments 

have ended and the dodecane layer can be assumed to be burned in a quasi-steady phase. As 

discussed previously, the flame heights for dodecane in 130 – 330 seconds remain steady, which 

corresponds to a quasi-steady fuel regression process with a duration of 200 seconds. This time 

will be compared with the three other characteristic times in the problem: a) thermal penetration 

time through the fuel layer, b) thermal penetration time through the copper rod and c) bubble 

departure time. The thermal penetration time can be estimated using 𝑡𝑝 = 𝐿2/𝛼 where 𝐿 is the 

characteristic length scale of the material and 𝛼 is the thermal diffusivity. For the 20 mm copper 

rod, the thermal penetration time is longer than the 10 mm rod and can be calculated by 𝑡𝑝,𝑐 =

(0.02 𝑚)2

1.17×10−4 𝑚2/𝑠
= 3.4  s. The thermal diffusivity of dodecane is calculated by 𝛼 =

𝑘

𝜌𝑐𝑝
=

0.2 W/m∙K

750 kg/m3∗2.2 J/(g∙K)
= 1.2 × 10−7 𝑚2/𝑠, which leads to the thermal penetration time scale of the 5 

mm dodecane layer as 𝑡𝑝,𝑑 =
(0.005 𝑚)2

1.2×10−7 𝑚2/𝑠
= 20 s. Also, the bubble departure and bursting time 

scales are measured in the order of milliseconds. Based on the time scale analysis above, the fuel 

regression (~200 s) is an order of magnitude slower and can be assumed to be quasi-steady for the 

purposes of the energy balance model (Eqn. 4.1 and 4.4). 

The no rod cases have higher flames in general (Fig 4.8a), and as the turbulence increases, the 

flame height keeps decreasing from 18 cm at 𝑢′ = 0 m/s to 15 cm at 𝑢′ = 0.033 m/s. For 10 mm 

and 20 mm rod cases, the flame height increases at 𝑢′ = 0.017 m/s compared to the no turbulence 

condition, which is opposite of no rod case (Fig 4.8b). This is explained previously and due to 

water vapor generation when copper rods are used and turbulence is zero. The water vapor not 

only absorbs heat in the gas phase but also causes higher water concentration in the reaction zone. 
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This weakens the combustion reaction, and as result, the rod cases yield lower flame height when 

water bubbles are generated in no turbulence condition.  

 

Figure 4. 8: Photographs of dodecane burning flame heights in turbulence intensity of 0, 

0.017, 0.033 m/s. (a) No copper rods. (b) 10 mm diameter copper rods. (c) 20 mm diameter 

copper rod. All the photos are taken 250 seconds after ignition. 
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Furthermore, the flame shapes of rods cases under no turbulence conditions are different from the 

other burning configurations. As shown in Figure 4.8b and Figure 4.8c under 𝑢′ = 0 m/s, the 

flame is pushed away from the rod location and becomes larger in width, while the flames are 

more concentrated, almost anchored to the rod under turbulent conditions. Again, this flame 

behavior variation is caused by the water vapor generation on the immersed rod surface. During 

the nucleation boiling phase, the water bubbles depart from the nucleation sites and will climb 

upwards along the rod’s surface under the force of surface tension, as shown in Figure 4.9. Then, 

the water bubbles will penetrate the dodecane layer and finally burst at the fuel surface near the 

rod location. As water vapor being released near the rod region, the flame sheet location starts to 

move away. Since the flame sheet has the highest flame temperature, the heat-absorbing efficiency 

will be lower than the case that the flame sheet directly locates at the copper rod surface. 

 

Figure 4. 9: Photograph of nucleate boiling at 250 s on 10 mm and 20 mm copper rod. The 

departure of water bubbles climbing upwards along the rod’s surface. 
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4.4.3 Temperature profiles in the gas phase, fuel layer, water sublayer and rod 

Chapter 3 analyzed the temperature profiles of crude oil slick burning on a turbulent water surface, 

which has very similar burning conditions and results as the dodecane layer burning without a 

copper rod. Therefore, the details of no rod cases will not be elaborated on in this section. The 10 

mm rod cases share the same bubble behaviors and heat transfer mechanisms. The temperature 

profile differences between the two rod sizes are minor. 

Figure 4.10 shows the temperature profiles of the dodecane layer burning with an immersed 20 

mm copper rod immersed. For each experiment, the thermocouple sampling rate was set to 1 Hz, 

and thermocouple positions are shown in Figure 4.3a. The gas phase and liquid phase temperature 

data fluctuate because of flame puffing behaviors, bubble dynamics at the interface, and turbulence 

in the water sublayer. The raw data is averaged every 10 seconds to smooth the final temperature 

results. 
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Figure 4. 10: Temperature profiles of dodecane layer burning with 20 mm rod. (a) 𝒖′ = 𝟎 

m/s, (b) 𝒖′ = 𝟎. 𝟎𝟏𝟕 m/s, (c) 𝒖′ = 𝟎. 𝟎𝟑𝟑 m/s. 

Firstly, some important thermocouple locations can be determined based on the temperature 

profiles. For instance, the TC05 (orange curves) measures just under the initial dodecane surface, 

because the reading starts from the ambient temperature and quickly increases to a steady value 

around 150 °C. After around 300 seconds, the fuel surface regresses to TC05 therefore the 

temperature begins to rise until it reaches 300 °C, where the thermocouple is in the gas phase 

region. The TC08 (dark blue curve) measures just above the dodecane/water interface. This can 

be verified based on Figure 4.10a where boilover occurs and the water sublayer is at super-heated 

condition just above 100 °C. As a result, TC09 – TC13 is in the water layer and have overlapping 

readings at 100 °C. While for turbulent cases (Fig 4.10b and 4.10c), the water layer temperature 

overlaps at ambient temperature (25 °C) because of turbulent mixing.  

Secondly, the regression rates can be estimated based on the temperature profiles. The global 

average regression rate is calculated by the initial dodecane fuel thickness divided by the burning 

time. From the gas phase temperature profiles, the ignition and extinction time can be easily 

obtained, which are around 730 s, 590 s, and 620 s for 𝑢′ = 0 m/s, 0.017 m/s, and 0.033 m/s 

respectively. Besides, a more precise regression rate can be obtained using the time between two 

adjacent thermocouples moving out of the dodecane surface. For example, according to Figure 

4.10 (a), TC05 and TC06 start to be exposed to the gas phase at 390 s and 520 s. It is known that 

the spacing is 1.2 mm, which can yield a regional regression rate during this time region: 1.2 ∗

60/[(520 − 390)] = 0.55 mm/min. Compared with the global average of 0.52 mm/min, this 
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regional regression rate is higher. This is because the selected time region is at the middle of the 

burning process, while the global average regression rate includes the pre-heating stage at the 

beginning, where the regression rate is low.  

Lastly, there is a clear difference in the fuel/water interface temperature under different turbulence 

intensities. For no turbulence case, the interface temperature reaches 124 °C at 190 s (Fig. 4.10a). 

This interface creates the condition for the onset of boilover and follows results reported by Torero 

et al. [21]. For turbulence intensity 𝑢′ = 0.017 m/s and 0.033 m/s, the interface temperature drops 

to around 75 °C and 67 °C respectively. Hence boilover is not observed when the water layer is 

made turbulent and heat loss is facilitated because of convection under the interface.  

Figure 4.11 shows the temperature profiles measured at location D (Fig. 4.3a), where the 

thermocouple is inserted into the center axis of the copper rods through the bottom. The vertical 

distance between the rod’s bottom and the measuring location as mentioned previously is 12 mm, 

which is right above the fuel/water interface within the dodecane layer. Being the only interior 

temperature measurement point inside the rod, it offers the chance to study the rod’s behavior in-

depth especially around the area in contact with fuel. For both 10 mm and 20 mm rods, the 

temperature of the rod body in the immersed section decreases as the turbulence intensity 𝑢′ being 

turned up. For 𝑢′ = 0 m/s, the peak temperature reaches over 123 °C for 10 mm rod and 147 °C 

for 20 mm rod. For 𝑢′ = 0.017 m/s and 0.033 m/s, the peak temperature of 10 mm rod decreases 

to 118 °C and 113 °C respectively. For 20 mm rod, the temperature peaks are also reduced to 

134 °C and 130 °C correspondingly. It is noticed that the turbulence cooling from the water 

sublayer can effectively bring down the rod body temperature while the thicker 20 mm rod will 

retain at a higher temperature level than the 10 mm rod.  
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Figure 4. 11: Temperature profiles of rod center in the dodecane layer (thermocouple D). 

Figure 4.11 shows that the time taken to reach the maximum temperature for the 10 mm rod is 

shorter than 20 mm, and for each rod diameter, this preheating time increases with higher 

turbulence. The shortest preheating time for 10 mm rod is when 𝑢′ = 0 m/s where it takes 140 

seconds to reach the peak temperature and the longest time is when 𝑢′ = 0.033 m/s where the time 

is 230 seconds. After the peak temperature, the 10 mm rod is not able to hold at the highest 

temperature so a slowly temperature drop is observed for all turbulence conditions till the end of 

the burning. For the 20 mm rod, the thermal behaviors are quite different, where the preheating 

time is longer at 210 s, 260 s and 310 s for the three 𝑢′ conditions. Most importantly, the rod 

temperature will keep increasing slowly after the preheating stage. This means the thicker rod 

reacts much less sensitively under the cooling effects of the turbulence. The 20 mm rod has much 

larger volume/surface ratio compared with the 10 mm rod. Since the convective cooling only 

occurs on the surface, the much larger thermal capacity of the thick rod ensures the temperature at 

a high level instead of descending slowly.  

4.4.4 Burning Rate Formulation 

The following will include two regression rate models which are used to formulate the burning 

rate based on the discussion of Section 4.3. The two models are the surface energy balance model 
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for no rod cases (Eqn. 4.1) and the control volume energy balance model for rod cases (Eqn. (4.4)). 

For each burning configuration, the energy terms in the burning rate model will be modified to 

match the experimental observations. Especially for the rod cases, the nucleate boiling location 

highly depends on the fuel type and different turbulence conditions.  

4.4.4.1 Case 1: Dodecane Burning with no Rods Conditions (Baseline) 

Energy balance at dodecane surface: 𝑚̇𝐹
 𝐿𝐹

 = 𝑞̇𝑠
 − 𝑞̇𝑐𝑜𝑛𝑑

  (Eqn. 4.1) is used to obtain regression 

rates for no rod cases based on the thermocouple measurements near the gas/fuel interface: 𝑞̇𝑠
′′ =

𝑘𝑎𝑖𝑟(𝑑𝑇/𝑑𝑦)𝑦=0+   and 𝑞̇𝑐𝑜𝑛𝑑
′′ = 𝑘𝑓𝑢𝑒𝑙(𝑑𝑇/𝑑𝑦)𝑦=0−  [106]. The temperature data used for the 

model are selected within 230 – 270 seconds after ignition, where the temperature in the dodecane 

layer is flat showing approximate quasi-steady burning behavior. 

 

Figure 4. 12: Dodecane burning regression rate results from the surface energy balance 

model and experimental results for global average and regional average. 

Figure 4.12 shows the comparisons between model results and experimental results. The 

experimental results have two parts: global average regression rate and regional average regression 

rate. The regional average regression rate is obtained as discussed in Section 4.4.3 by the surface 

moving speed between thermocouples, and usually occurs in the middle of the burning process. 

The results from the model (Eqn. 4.1) match reasonably well with the experimental results. The 

trend of the regression rate with different turbulence intensities and related causing mechanisms 

have been discussed in detail in previous section and will not be repeated here. 
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4.4.4.2 Case 2: Dodecane Burning with Rods and no Turbulence Conditions 

The control volume energy balance from Equation 4.4 is modified as: 

                                           (𝑚̇𝑊,𝑟𝑜𝑑
 + 𝑚̇𝑊,𝑖𝑛𝑡

 )𝐿𝑊 = 𝑞̇𝑠 + 𝑞̇𝑒,𝑟𝑜𝑑 − 𝑚̇𝐹,𝑠𝑢𝑟𝑓
 𝐿𝐹   ,                        (4.6) 

Where 𝑚̇𝑊,𝑟𝑜𝑑
  is the water vapor mass generation rate on the rod’s surface. 𝑚̇𝑊,𝑟𝑜𝑑

 𝐿𝑊  is the 

energy consumption rate used to convert water to steam at the fuel/water interface within the 

control volume. 𝑞̇𝑠 = 𝐴𝐹𝑘𝑎𝑖𝑟(𝑑𝑇/𝑑𝑦)𝑦=0+  (Eqn. 4.5). 𝑞̇𝑒,𝑟𝑜𝑑 = 𝐴𝑟𝑜𝑑𝑘𝑐𝑜𝑝𝑝𝑒𝑟(𝑑𝑇/𝑑𝑦)𝐴→𝐵 

measured by the thermocouple A and B fixed on the rod (Fig 4.2a). 𝑞̇𝑙𝑜𝑠𝑠 can be neglected in this 

burning configuration because the water layer under the control volume quickly develops to the 

boiling point of water (Fig. 4.10 (a)). Hence conduction loss from the control volume to the water 

ambient can be assumed to be ignored as energy is used by latent heat transfer of water to steam. 

𝑚̇𝐹,𝑠𝑢𝑟𝑓
 𝐿𝐹 is the energy absorption rate used to vaporize fuel at the surface and can be expressed 

by: 𝑚̇𝐹,𝑠𝑢𝑟𝑓
 𝐿𝐹 = 𝐴𝐹𝜌𝐹𝑟(𝑡)𝐿𝐹 . As mentioned earlier, 𝐿𝐹 and 𝐿𝑊  equal to the latent heat of 

vaporization of fuel and water respectively. The control volume for this burning configuration is 

shown in Figure 4.13. This control volume is appropriate for dodecane burning with the rod in still 

water condition because the water sublayer is constant at boiling point (isothermal) which means 

all the energy transferred to the liquids are used for water bubble generation and fuel evaporation.  

 

Figure 4. 13: Control volume for dodecane layer burning energy balance with copper rod in 

still water sublayer. 

As mentioned in Section 4.3, the energy terms 𝑞̇𝑠  and 𝑞̇𝑒,𝑟𝑜𝑑  can be obtained by thermocouple 

measurements. However, the water vapor mass generation rate 𝑚̇𝑊,𝑟𝑜𝑑
  and 𝑚̇𝑊,𝑖𝑛𝑡

  can only be 

obtained by bubble counting using highspeed videography, since the latent heat transfer cannot be 
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directly measured. From the model described by Equation 4.6, a calculated water application mass 

flux, 𝑚̇𝑊
′′  on the pool area can be obtained and will be compared with experimental results. 

For 𝑚̇𝑊,𝑟𝑜𝑑
  measurement, the highspeed video camera is set at 2873 FPS observing at the rod 

surface with a resolution of 800 × 600. Figure 4.14a shows the camera viewing position. The 

distance between the camera and the rod surface (~200 mm) is much larger than the rod diameter 

(10  mm), therefore the total bubble departure frequency on the entire sidewall area can be 

estimated by two times the measured bubble departure frequency in the front viewing section 

shown in Figure 4.14b. The bubbles generated at the nucleation sites will quickly merge into 

bubbles large enough to overcome surface tension holding force upon departure, and the number 

of the upwards-moving bubbles are counted when they reach the fuel/water interface in 600 

continuous frames. 600 frames correspond to 0.21 s with 2873 FPS. Then, the number of counted 

bubbles is multiplied by 4.76 (1 𝑠/0.21 𝑠) to yield the bubble departure number during 1 second, 

which is the departure frequency in the unit of Hz. This bubble measurement is obtained at 250 s 

after ignition, which is following the thermocouple measurements in this steady burning region. 

Figure 4.14c shows a photo strip at a time interval of 18 ms (50 frames). Each bubble departure is 

numbered as it is approaching the fuel/water interface to demonstrate the counting process. During 

the 150 frames period, 4 bubbles have entered the upper surface. Note that 600 frames are used for 

measurement and Figure 4.14c is only for bubble movement demonstration. 
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Figure 4. 14: Bubble measurement of water nucleation boiling on the 10 mm copper rod. (a) 

Highspeed camera viewing angle. (b) Highspeed video clip for the nucleate boiling on 10 mm 

copper rod at 250 s. (c) Photo strip of bubble movement tracking in 18 ms interval at 250 s. 

Figure 4.15a shows the camera viewing position to measure 𝑚̇𝑊,𝑖𝑛𝑡
 . The highspeed video is set to 

1057 FPS at the resolution of 1280 × 1026 because the bubble bursting rate and overall dynamics 

are slower on the pool surface, and it requires a wider recording frame to include the entire pool 

area. Similar to the 𝑚̇𝑊,𝑟𝑜𝑑
  bubble counting technique, the number of large bubbles bursting on 

the fuel surface is counted for 500 frames (corresponding to ~0.5 s). Then the number is multiplied 

by 2 (1 s/ 0.5 s) to obtain the boilover bubble bursting frequency during 1 second (Hz). For both 

bubble countings on the rod’s surface and furl/water interface, three measurements are taken with 

10 seconds interval in the quasi-steady burning period to obtained the averaged final results. Figure 

4.15b shows the dome-shaped bubbles before bursting. The water bubble almost has the same 

diameter as the 10 mm copper rod, and each bubble originates at the fuel/water interface. As the 

water sublayer reaches the boiling temperature, nucleation at the interface begins to occur. The 

water vapor initially forms a small gas pocket at the interface and lifts off when the bubble volume 

grows large enough to overcome the surface tension. During this period, the nucleate boiling is 

violent at the fuel/water interface. Note than the dodecane surface does not undergo an explosive 
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burning condition which is referred to as thin layer boilover [19]. This is because the onset of water 

vapor formation occurs quite early at around 230 seconds, because of the additional heat transfer 

from the rod. The total burning time is over 600 seconds. Therefore, the dodecane layer is still 

thick and the bubble bursting on the fuel surface cannot effectively eject the entire dodecane layer 

into the gas phase as it does to the thin dodecane film during boilover [19]. 

 

Figure 4. 15: Bubble measurement of large water bubbles at the pool surface caused by 

boilover. Water vapor bubbles formed at the fuel/water interface. (a) Highspeed camera 

viewing position. (b) Highspeed video clip for the bubble size before bursting during boilover 

with 10 mm copper rod at 250 s. 

Table 4.2 shows the bubble counting results of 10 mm and 20 mm immersed rod cases under no 

turbulence conditions. The schematics illustrate bubble nucleation areas and corresponding 
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bursting size, where the small water bubbles with a diameter around 0.6 mm are generated on the 

rod’s sidewall and large water bubbles with a diameter of 10 mm are generated on the interface of 

the liquids. Water vapor bubble generation at the interface of fuel and water occurs later than the 

onset of nucleate boiling on the rod’s surface. As shown in Table 4.2. For a 10 mm rod, the onset 

time to nucleate boiling on the rod is 140 s which is shorter than the 20 mm rod case of 180 s. This 

is because the 20 mm rod has a larger volume so that the total heat capacity is larger. It requires 

longer to heat the rod body and bring the temperature difference between the hot surface and water 

boiling point sufficient for nucleate boiling. However, when the onset of nucleate boiling on the 

rod has been reached, the time to generation of water vapor bubbles at the dodecane/water interface 

is shorter with 20 mm rod, which is 235 − 180 = 55 seconds compared with 10 mm rod of 230 −

140 = 90 seconds. The shorter time difference between the onset of two scenarios in the 20 mm 

rod case is caused by the larger rod immersed area, where the high surface heat flux during the 

boiling process can heat the water sublayer more efficiently.  

The departure frequency of each bubble condition is also recorded. This value is used in calculating 

the water vapor mass generation rate 𝑚̇𝑊,𝑟𝑜𝑑
  and 𝑚̇𝑊,𝑖𝑛𝑡

 . The bubble departure frequency 

measurement results shown in Table 4.2 represent the number of bubbles leaving the rod’s surface 

and pool surface in a time duration of 1 second. At the onset of nucleate boiling on the rod, the 

departure frequency is comparatively low at 40 Hz at 140 s with 10 mm rod and 100 Hz at 180 s 

with 20 mm rod. When water vapor bubbling occurs at the fuel/water interface, after around 230 

seconds, the frequency becomes steady at 80 Hz for 10 mm rod and 500 Hz for 20 mm rod. At this 

time, the water bubble (from the fuel/water interface) bursting frequency can be measured at 100 

Hz for 10 mm rod and 120 Hz rod 20 mm rod. It is noticeable that small bubbles on the rod are 

generated at a much higher rate for 20 mm rod compared to 10 mm rod (400 % increase), while 

the bursting rate of large bubbles on the pool surface does not change too much (20 % increase). 

This is because the bubble counting area for small bubbles increases to 4 times when the diameter 

doubles. The pool surface, however, will have a slightly smaller surface area. Therefore, even 

though a thicker rod has a higher heating capability to the water sublayer, the boilover intensity is 

not enhanced significantly.  
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Table 4. 2: Bubble measurement results for dodecane layer burning with copper rods under 

no turbulence condition. 

 

According to the water vapor bubble observation mentioned above, a considerable part of the 

energy input to the immersed rod section is lost to the water to vapor latent energy transition 

process. The dodecane layer burning regression rate, thus, decreases as copper rod size gets larger 

under no turbulence burning conditions (Fig 4.6). This suppression effect by water introduced by 

the immersed copper rod appears to be similar to applying water to a burning surface since the 

fundamental heat removal mechanism is identical to water evaporation.  
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Table 4. 3: Modeling and experimental results of water mass flux on the pool surface. 

 

The data in Table 4.3 show the comparisons of modeling results of water mass flux versus the 

experimental results based on bubble counting. The water mass flux is calculated by: 

                                                                   𝑚̇𝑊
′′ =

𝑚̇𝑊,𝑟𝑜𝑑
 + 𝑚̇𝑊,𝑖𝑛𝑡

 

𝐴𝐹
    ,                                                  (4.7) 

where 𝐴𝐹
  is the fuel surface area (pool surface minus the cross-section area of the rod). Thus, the 

mass flux represents the total water generation rate with respect to the entire fuel surface. The 

model results of (𝑚̇𝑊,𝑟𝑜𝑑
 + 𝑚̇𝑊,𝑖𝑛𝑡

 ) are obtained using energy balance formulation expressed by 

Equation (4.6).  The model results turn out to match well with experiments, where the water mass 

flux for 10 mm rod under no turbulence burning condition is around 4 g/m2s and 4.8 g/m2s for 20 

mm rod. The additional 0.8 g/m2s of water causes the regression rate decrease from 0.47 mm/min 

to 0.43 mm/min (Fig 4.6) and the flame height reduction from 16 cm to 14 cm (Fig 4.7). Tewarson 

[111] reported a water application rate per unit surface area of the dodecane at flame extinction 

condition of 12 g/m2s. The water mass flux in this study can suppress the dodecane layer burning 

but is still far from the extinction threshold.  

4.4.4.3 Case 3: Dodecane Burning with Rods and Turbulence Conditions 

Under turbulence conditions, the nucleate boiling in the water layer is no longer observed. The 

suppression effects because of the water bubble generation hence stops. As a result, the heat loss 

transfer mechanism to the water sublayer is altered because the rod bottom now is cooled by the 

convection in water instead of the nucleate boiling. To capture the convective heat loss at the 

fuel/water interface and rod’s bottom area, the control volume is changed to the shape as shown in 

Figure 4.16. 
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Figure 4. 16: Control volume for fuel layer burning energy balance with copper rod in 

turbulence condition. 

The control volume energy balance from Equation 4.4 is modified as: 

                                                  𝑚̇𝐹
 𝐿𝐹 = 𝑞̇𝑠 + 𝑞̇𝑒,𝑟𝑜𝑑 − 𝑞̇𝑙𝑜𝑠𝑠,𝑖𝑛𝑡 − 𝑞̇𝑙𝑜𝑠𝑠,𝑟𝑜𝑑   ,                    (4.7) 

Two heat loss terms are added to the energy balance, where 𝑞̇𝑙𝑜𝑠𝑠,𝑖𝑛𝑡  is the heat loss at the 

fuel/water interface because of the convective cooling effects and calculated using the 

thermocouple measurements at the water sublayer: 

                                                       𝑞̇𝑙𝑜𝑠𝑠,𝑖𝑛𝑡 = 𝐴𝐹
 ℎ𝑖𝑛𝑡(𝑇𝑖𝑛𝑡 − 𝑇∞)   ,                                (4.8) 

where 𝑇𝑖𝑛𝑡 denotes the temperature at the fuel/water interface, and 𝑇∞ is the ambient temperature 

of the water. The convective heat transfer coefficient at the fuel/water interface has been obtained 

in Chapter 3. Since the water sublayer is made turbulent using the identical system and conditions, 

the convective heat transfer coefficient at the fuel/water interface, ℎ𝑖𝑛𝑡 can be adopted from the 

results from Chapter 3. Additionally, heat loss also occurs at the rod bottom section. 𝑞̇𝑙𝑜𝑠𝑠,𝑟𝑜𝑑 can 

be expressed by: 

                                                           𝑞̇𝑙𝑜𝑠𝑠,𝑟𝑜𝑑 = 𝐴𝑟𝑜𝑑,𝑊
 ℎ𝑟𝑜𝑑(𝑇𝑅,𝐶 − 𝑇∞)

 
  ,                                       (4.9) 

Where 𝐴𝑟𝑜𝑑,𝑊
  is total area of the section area contacting with the water layer as shown by Figure 

4.17. 𝑇𝑅,𝐶 represents the rod temperature in the water layer and experimentally measured using the 

thermocouple on the rod affixed at location “C” shown in Figure 4.3. The energy input through 

the copper rod cross-section area can be written as: 
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                                                           𝑞̇𝑒,𝑟𝑜𝑑 = 𝐴𝑟𝑜𝑑𝑘𝑐𝑜𝑝𝑝𝑒𝑟 (
𝑇𝑅,𝐴 − 𝑇𝑅,𝐵

𝑆𝐴𝐵
)

 

                                       (4.10) 

The measurement locations to quantify 𝑞̇𝑒,𝑟𝑜𝑑 are both on the rod surface and since the temperature 

difference is much more significant in vertical direction compared with radial direction because of 

the high thermal conductivity of copper, the surface measurements can provide good estimations 

of heat input through the rod.  

 

Figure 4. 17: Schematic of thermocouple measurement locations on the copper rod and areas 

for energy terms calculation. 

Now, the only unknown parameter is the convective heat transfer coefficient at the rod surface in 

water, ℎ𝑟𝑜𝑑. The value of ℎ𝑖𝑛𝑡 mentioned above cannot be used for ℎ𝑟𝑜𝑑, because the ℎ𝑟𝑜𝑑 should 

represent a hot cylinder in flow conditions while ℎ𝑖𝑛𝑡  is only valid for the convection at the 

horizontal liquid layers. To estimate the ℎ𝑟𝑜𝑑 , the Nusselt number correlation for a circular 

cylinder in forced liquid convection by Churchill et al. [112] is used: 

                                     𝑁𝑢𝐷 = 0.3 +
0.62𝑅𝑒𝐷

1/2
𝑃𝑟1/3

[1 + (0.4/𝑃𝑟)2/3]1/4
[1 + (

𝑅𝑒𝐷

282,000
)

5/8

]

4/5

   ,              (4.11) 

This single comprehensive equation covers the entire range of 𝑅𝑒𝐷 and a wide range of 𝑃𝑟, which 

is suitable for all 𝑅𝑒𝐷 𝑃𝑟 ≥ 0.2. Table 4.4 shows the calculated convective heat transfer coefficient 

on the bottom rod surface, ℎ𝑟𝑜𝑑: 
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Table 4. 4: Convective heat transfer coefficient on the bottom rod surface, 𝒉𝒓𝒐𝒅. 

 

The Reynolds number 𝑅𝑒𝐷 for the cylinder is calculated as 𝑅𝑒𝐷 =
𝑢′𝐷

𝜐
 and ℎ𝑟𝑜𝑑 is calculated by 

ℎ𝑟𝑜𝑑 =
𝑁𝑢𝐷𝑘𝑊

𝐷
. Since the convection fluid is water, the kinematic viscosity of water, 𝜐  is 

7.8 × 10−7 m2/s and the thermal conductivity of water, 𝑘𝑊 is 0.62 W/m-K. To further validate the 

calculated ℎ𝑟𝑜𝑑 values, the nucleate boiling curves of the hot wire experiments from Chapter 2 are 

used. Since the thin wire is cylindrical in shape and before the onset of nucleate boiling, the thin 

wire is cooled by pure convection. For low turbulence intensity, the average convective heat 

transfer coefficient around the hot wire can be calculated as ℎ𝑤𝑖𝑟𝑒 =
𝑞̇𝑂𝑁𝐵

..

𝑇𝑤𝑖𝑟𝑒−𝑇∞
=

0.3 𝑘𝑊/𝑚2

195 𝐾
≈

1500 W/m2. Hence the calculated values of ℎ𝑟𝑜𝑑 around 1000 W/m2 using Churchill’s correlation 

(Eqn. 4.11) is reasonable.  

Table 4.4 shows that when the turbulence RMS velocity 𝑢′ is doubled, the convective heat transfer 

coefficient increases by around 40%. This is because the stronger turbulence is more capable of 

removing heat from the rod surface. Moreover, when the rod diameter is doubled, the coefficient 

decreases by around 40%. As a larger rod is placed in a flow field, the cooling effect will not be 

as high as with a smaller rod, because the ratio of volume and cooling surface for a thick rod is 

more significant. In other words, the larger rod is more thermally inert against the cooling flow, 

so the heat transfer coefficient is lower. 

At this point, all the thermocouple measurement results, property data, and heat transfer 

coefficients are ready to be substituted into the governing burning rate formulation Equation 4.7, 
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which will yield a calculated fuel burning rate, 𝑚̇𝐹
 . Table 4.5 shows the calculation process and 

related values in detail for each burning condition.  

Table 4. 5: Calculations of energy terms in the burning rate formulation of dodecane burning 

with a copper rod in turbulence conditions. 

 

Results represented in Table 4.5 show that the burning rate results from the proposed formulation 

agree well with the experimental mass loss measurements. More importantly, the burning rate 

formulation results follow the same trend with the experimental results when the burning 

configuration is changed. For instance, the calculated  𝑚̇𝐹
  decreases with higher turbulence 

intensity in the water sublayer, and slightly increases with larger copper rod diameter. The 

calculated dodecane burning rate peaks at 0.059 g/s when 20 mm copper rod is used in low 

turbulence of 𝑢′ = 0.017 m/s. This also matches with the flame height results (Fig. 4.8) where the 

larger rod can enhance the burning rate in turbulence conditions and the convection heat loss 

through the fuel/water interface is low. On the contrary, the lowest burning rate occurs when the 

thinner rod is placed within the higher turbulence. This is shown in Table 4.4 where the lowest 

 𝑚̇𝐹
  of 0.033 g/s is calculated when 10 mm rod is used in high turbulence of 𝑢′ = 0.033 m/s. 
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Apart from the burning rate results, each energy term included in the governing equation can reveal 

the fundamental heat transfer characteristics under the effect of both rod size and turbulent 

intensity. The energy input terms from the gas phase 𝑞̇𝑠 = 𝐴𝐹𝑘𝑎𝑖𝑟 (
𝑑𝑇

𝑑𝑦
)

𝑦=0+
 have similar values 

across all the cases, meaning the flame’s heating effect is not sensitive to the rod size and 

turbulence condition in the water sublayer. According to the calculations, higher turbulence leads 

to a slightly higher gas-phase energy input. This can be explained by the lower flame heights for 

high turbulence conditions. Since the flame sheet or reaction zone is the hottest location in the gas 

phase, and with the flame sheet being pulled close to the fuel surface when flame height is reduced, 

the thermocouples above the surface captured this hot layer shifting. As a result, the gas phase 

energy input becomes larger at nearly 40 W for 𝑢′ = 0.033 m/s and around 36 W for 𝑢′ = 0.017 

m/s. 

The energy inputs through the copper rod 𝑞̇𝑒,𝑟𝑜𝑑 = 𝐴𝑟𝑜𝑑𝑘𝑐𝑜𝑝𝑝𝑒𝑟 (
𝑇𝑅,𝐴−𝑇𝑅,𝐵

𝑆𝐴𝐵
)

 
for 10 mm rod have 

lower values under 60 W compared with that of 20 mm rod, which is higher at 70 W. This verified 

the stronger heating capability of the thicker copper rod. Interestingly for 10 mm rod, the 

temperature difference between 𝑇𝑅,𝐴  and 𝑇𝑅,𝐵  is much larger above 30 °C compared with the 

temperature difference of around 10 °C for the 20 mm rod. This shows that it is more difficult for 

the larger rod to develop a higher temperature variation vertically because the larger body comes 

with a larger total thermal capacity which requires more time and energy to build up the 

temperature difference. However, even though the thinner rod has a higher temperature gradient, 

the total energy term is still surpassed by the 20 mm rod because of the much larger cross-section 

area (Table 4.5).  

The convective heat loss through the fuel/water interface 𝑞̇𝑙𝑜𝑠𝑠,𝑖𝑛𝑡 = 𝐴𝐹
 ℎ𝑖𝑛𝑡(𝑇𝑖𝑛𝑡 − 𝑇∞) increases 

with stronger turbulence mostly because of the larger convective heat transfer coefficient of 126 

W/m2 for 𝑢′ = 0.033 m/s over the lower value of 92 W/m2 for 𝑢′ = 0.017  m/s. The other 

convective heat loss occurs at the rod bottom section and is expressed by 𝑞̇𝑙𝑜𝑠𝑠,𝑟𝑜𝑑 =

𝐴𝑟𝑜𝑑,𝑊
 ℎ𝑟𝑜𝑑(𝑇𝑅,𝐶 − 𝑇∞)

 
. For 10 mm rod, the heat loss from the copper rod bottom section to the 

water layer is distinctively smaller around 20 W compared to 20 mm rod cases of 35 W and 43 W 

respectively for the two turbulence cases. This indicates that the thinner rod is limited in terms of 
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heat loss through the bottom surface to the water sublayer, so the energy input can be transferred 

to the fuel layer more effectively. Based on the Spalding B number mass burning equation: 𝑚̇′′ =

ℎ

𝑐𝑝
ln (𝐵 + 1) and 𝐵 =

𝑌𝑂2,∞𝛥ℎ𝑐/𝑟−𝑐𝑝(𝑇𝑏−𝑇∞)

𝐿
 [113], it is clear that because the B number is within 

the logarithm term, the mass burning rate is fairly insensitive to small burning condition changes 

with the same type of fuel. Therefore, the heat consumed for fuel evaporation at the surface is 

limited as well. Consequently, the interface temperature 𝑇𝑖𝑛𝑡 is measured higher with 10 mm rod 

at around 90 °C compared with 20 mm rod with 𝑇𝑖𝑛𝑡  around 80 °C. The hotter interface 

temperature means a larger amount of energy loss given the water sublayer is maintained at 

ambient temperature for all the turbulence cases. This makes sense as the heat loss on the rod 

bottom and fuel surface are limited, the only path for heat loss is through the fuel/water interface 

by convection. As a result, the 𝑞̇𝑙𝑜𝑠𝑠,𝑖𝑛𝑡 is larger for 10 mm rod at around 50 W while for the 20 

mm rod, it is around 40 W. 

4.5 Rod Effects on Heptane Burning 

4.5.1 Regression Rate 

 

Figure 4. 18: Heptane layer burning regression rates with 0, 10, 20 mm diameter copper rods 

as a function of turbulence intensity. 

Figure 4.18 shows the regression rate of heptane burning with 0, 10, 20 mm copper rods as a 

function of turbulence intensity. Overall, the regression rate is enhanced when a copper rod is used 
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for still water sublayer and low turbulence conditions, which is contrary to dodecane cases where 

the regression rate drops for all the rod cases. When 𝑢′ = 0 m/s, the rod enhancement is the most 

significant. The no rod case has a regression rate of 1.08 mm/min, and as the rod size is increased 

to 10 mm and 20 mm, the regression rates are facilitated to 1.19 mm/min and 1.22 mm/min (10% 

and 13% of increase). As the water sublayer is made turbulent with 𝑢′ = 0.017 m/s, the regression 

rates for all cases decrease and the rod cases (10 mm and 20 mm) burn at 0.96 and 0.94 mm/min 

compared with the no rod case, which burns at 0.89 mm/min. When 𝑢′ = 0.033 m/s, the regression 

rate equals 0.87/0.91/0.92 mm/min (no rod case/10 mm rod/ 20 mm rod). The enhancement for 

the zero-turbulence case is because of the nucleate boiling observed at the rod’s surface. While the 

10 mm and 20 mm rod cases still have an enhancement effect on the regression rate, such 

enhancement decreases with the increase of turbulence intensity.  

The bubble formation on the copper rod is different from the dodecane experiments no turbulence, 

where the nucleate boiling occurs in the water. This change in the location of bubble formation is 

because of the difference in the boiling points of heptane and dodecane (98 vs. 216 °C). When the 

onset of nucleate boiling is reached in the heptane layer, the heat and mass transfer increase. The 

result is that a large amount of heat finds its way into the fuel layer, thus enhancing the regression 

rate. With a thicker copper rod, this enhancement of heat going into the fuel layer becomes more 

intensive, so the higher regression rate is achieved.   

In turbulence cases, the enhancement of regression rate by placing the copper rod is mitigated, and 

the copper rod does not noticeably affect the regression rate. The nucleate boiling of heptane on 

the rod’s surface is significantly reduced with turbulence in the water sublayer. This is because the 

level of superheat provided by the rod is reduced by the change in the boundary condition. In no 

turbulence condition, the water layer temperature close to the fuel/water interface can be 

maintained at a high level nearly but not equal to the boiling point of water. As the water is made 

turbulent, the water sublayer temperature drops to ambient temperature immediately. The heat loss 

on the rod’s bottom surface in contact with water becomes turbulent forced convection, which 

leads to an increase of energy passing through the rod’s body into the water layer. Consequently, 

the heat cannot be sufficiently built up on the rod’s surface in the heptane layer, and nucleate 

boiling on the rod’s surface ceases. When a thicker rod is used, the surface area contacting the 
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water layer increases so the convective heat loss will also increase. As a result, the regression rates 

in rod cases eventually become very close to the no rod case under turbulence conditions. 

4.5.2 Flame Height 

Figure 4.19 shows the flame height measurements for all heptane layer burning conditions. The 

flame of the heptane pool is generally higher than the dodecane pool fire and similar to the 

dodecane cases, three different flaming stages are observed and illustrated by the dashed lines: 

pre-heating stage at 0 – 70 s, steady burning stage at 70 – 225 s, and decaying stage after 225 s. 

These three stages are present for all the heptane burning cases A time frame of 150 s is used to 

demonstrate the flame shape, and for selecting thermocouple data used in the burning rate 

formulations in the following sections. Under the same rod conditions, the flame height decreases 

as the turbulence in the water sublayer get stronger (Fig. 4.19). This is because of an increase in 

heat loss through the fuel/water interface and the rod’s bottom surface. As lesser heat is available 

for fuel evaporation, the amount of heptane vapor rising into the flame sheet decreases. Therefore, 

the flame location descends closer to the pool surface resulting in a lower flame height. 
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Figure 4. 19: Flame height for heptane layer burning experiments. 

Figure 4.20 shows the photographs of the flame condition for all the heptane burning experiments 

at 150 seconds after ignition. This time stamp is selected as it is approximately midway of the 
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steady burning stage. The flame shapes are good examples to demonstrate the effects of different 

rods and turbulence on the heptane layer burning. In the no rod condition of 𝑑 = 0 mm, the flame 

height has the peak value of 28 cm in stationary water sublayer (𝑢′ = 0 m/s). The flame shape 

appears to be sinuous at the flame sheet boundary with slight flame shedding. While the turbulence 

cases have a more unstable flame shape, such that the flame is wider in width and the flame 

shedding at the boundary is more apparent (Fig. 4.20a). The flame heights for 𝑢′ = 0.017 m/s and 

0.034 m/s decrease to 23 cm and 22 cm respectively.  

Figure 4.20b and 4.20c illustrate the flame shapes for heptane layer burning with copper rod sizes 

of 10 mm and 20 mm. In general, the flame heights in rod cases are higher than the no rod cases. 

Under no turbulence condition, the nucleate boiling of the heptane layer is observed on the rod’s 

immersed surface as shown in Figure 4.19. Heptane vapor bubbles are formed on the rod’s surface 

and are released to the gas phase upon bursting, causing an enhancement of the burning rate. This 

explains higher flame heights of 31 cm and 32 cm for 𝑑 = 10 mm and 20 mm under no turbulence 

conditions. Also, the flame shape is more curved with flame shedding at the boundary, because a 

larger flame sheet area is needed to consume the larger amount of heptane vapor. In turbulence 

cases, the flame is not as concentrated towards the rod compared with no turbulence conditions. 

The nucleate boiling in the heptane layer disappears for all the turbulence conditions. It follows a 

decrease in flame height to around 25 cm compared to more than 30 cm for 𝑢′ = 0 m/s condition.  
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Figure 4. 20: Photographs of heptane burning flame heights in turbulence intensity of 0, 

0.017, 0.033 m/s. (a) No copper rods. (b) 10 mm diameter copper rods. (c) 20 mm diameter 

copper rod. All the photos are taken 150 seconds after ignition. 

Figure 4.21 shows the nucleate boiling of the heptane layer under no turbulence conditions with 

10 mm and 20 mm rod cases. Nucleation sites are observed in the heptane layer with heptane 
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bubbles rapidly rising in columns, while in the water sublayer, bubbles attach to the rod’s surface. 

These bubbles on the rod’s surface in the water are dissolved air in the water similar to that 

observed just before water is about to boil in a hot pan for example. The bubbles grow very slowly 

in size, and some merge into larger bubbles. It takes up to 2 minutes for the bubbles to depart, 

which is very slow compared to the heptane bubble departure frequency of about 800 Hz on the 

10 mm rod surface. Because of the high bubble departure frequency of heptane bubbles the heptane 

layer takes away nearly all the energy from the rod’s collector section. It is under the effects of 

this nucleate boiling behavior, that the regression rate is enhanced with a copper rod.  

 

Figure 4. 21: Photograph of nucleate boiling at 150 s on 10 mm and 20 mm copper rod. The 

departure of heptane bubbles climbing upwards along the rod’s surface. The dissolved air 

bubbles remain stationary in water layer. 

4.5.3 Temperature profiles in the gas phase, fuel layer, water sublayer and rod for heptane burning 



106 

 

Section 4.4.3 discussed the temperature profiles of dodecane burning with the copper rod. The 

most distinctive difference between the temperature profiles of heptane and dodecane cases 

appears in the 𝑢′ = 0  m/s no turbulence condition. Since the nucleate boiling behaviors are 

different, the heat transfer on the rod’s surface for heptane burning mostly takes place in the fuel 

layer. While the heat transfer is more dominant in the water sublayer for dodecane layer burning. 

The result is that for the dodecane layer burning without turbulence, the water sublayer temperature 

will reach boiling point and eventually become superheated. Superheating of water to form water 

vapor bubbles does not occur in the case with heptane. Figure 4.22a shows that the temperature in 

the water sublayer never reaches the boiling point of water.  

Compared with no turbulence case, when the turbulence intensity is set at the lower value of 𝑢′ =

0.017 m/s, the burning time is significantly increased from 245 seconds to 329 seconds. The 

extended burning duration exhibits the negative impact of the turbulence cooling effects at the 

water sublayer and rod’s bottom surface. Firstly, the temperature in the water sublayer is 

maintained at ambient temperature even with low turbulence of 𝑢′ = 0.017  m/s as shown in 

Figure 4.22b. For the stronger turbulence at 𝑢′ = 0.033 m/s, the burning time is the longest among 

the three conditions at 340 seconds. The extended burning time represents a slower regression rate 

because of the enhanced cooling effects on the fuel layer. At 150 seconds, the fuel/water interface 

temperature is measured at 75 °C for 𝑢′ = 0  m/s, where for turbulence cases, the interface 

temperature drops to 65 °C and 61 °C for 𝑢′ = 0.017 and 0.033 m/s respectively. The most 

significant fuel/water interface temperature decrease occurs from the no turbulence condition to 

the low turbulence condition, which corresponds to the distinctive extension in burning time. 

While as the turbulence intensity is turned up to 𝑢′ = 0.033  m/s, the decrease of fuel/water 

interface temperature and extension of burning time do not change much. As one can expect, the 

significance is whether the water sublayer is made turbulent for the given experimental conditions. 

Since the heat loss from the interface to the water bath is very limited for stationary burning 

conditions, the enhancement of the turbulent cooling becomes obvious. 
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Figure 4. 22: Temperature profiles of heptane layer burning with 20 mm rod. (a) 𝒖′ = 𝟎 m/s, 

(b) 𝒖′ = 𝟎. 𝟎𝟏𝟕 m/s, (c) 𝒖′ = 𝟎. 𝟎𝟑𝟑 m/s. 
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Temperature profiles shown in Figure 4.22 provide two ways to directly measure the fuel layer 

regression rate. The first method is by dividing the burning duration of the initial fuel thickness 

for the global average regression rate. The second method is based on the thermocouple 

measurement data when the tip of the thermocouple comes out of the fuel surface as the surface 

regresses. The two methods have been explained in detail for dodecane cases in Section 4.4.3. 

Both methods are applicable for heptane as well.  

For global average regression rates from Figure 4.22, the values can be calculated as 1.29, 1.00, 

and 0.82 mm/min given the initial heptane layer thickness of 5 mm. The regional regression rate 

at calculated using the time interval between the fuel surface descending from one thermocouple 

to the next. TC05 is a good reference thermocouple, because the temperature profile curves 

indicate the time when TC05 is moving into the gas phase as the values start to increase rapidly. 

By knowing the spacing between TC05 and TC06, and the time for the surface descending from 

TC05 to TC06, the regression rates can be calculated. For example, in the turbulent case shown in 

Figure 4.22b, the surface regression rate between the two thermocouples is: 1.2 × 60/(160 −

90) = 1.03 mm/min for 20 mm rod burning at 𝑢′ = 0.017 m/s.  For another turbulent case shown 

in Figure 4.22c, the regional regression rate is 1.2 × 60/(190 − 110) = 0.90 mm/min. calculated 

regional regression rates are slightly higher than the global average values because the regional 

regression rates are measured in the steady burning stage. The global average results include the 

pre-heating stage and decaying stage where the regression rates are comparably lower.  
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Figure 4. 23: Temperature profiles of rod center in the heptane layer (thermocouple D). 

Figure 4.23 shows the temperature measurements of the thermocouple inserted into the rod body 

at location D in Figure 4.3a. As mentioned in the dodecane section, these temperature data 

represent the rod body temperature immersed in the heptane layer. Compared with the 

measurement results in Figure 4.11, some similarities are shared in heptane cases. Firstly, the 

thinner rod is more sensitive to the turbulence conditions such that the three curves of 10 mm rod 

cases are more separately placed especially in the pre-heating stage, while the temperature profiles 

of 20 mm rod cases cluster closely in the pre-heating stage. The pre-heating time for 10 mm rod is 

much shorter than the 20 mm rod heptane cases as well. For 10 mm rod cases, the no turbulence 

burning condition has a pre-heating time of 80, 90, and 160 s for 𝑢′ = 0, 0.017, 0.033 m/s 

respectively. This time becomes much longer for 20 mm rod cases that the temperature curves do 

not flat out, and instead, the temperature constantly increases then drops as the burning rate decays 

to extinction. Therefore, the pre-heating stage for 20 mm rod cases can be presented by the time 

from the start until reaching the peak temperature. In that sense, the times are 240, 270, and 320 s 

for the three turbulence conditions respectively. Similar to the dodecane cases, the 20 mm rod will 

not have a flat stage of the temperature profiles given the initial fuel thickness of 5 mm. The peak 

temperature of 10 mm rod cases has values of 116, 111, and 106 °C for the three turbulence 
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intensities, and the temperature of 20 mm rod peaks at 113, 110, and 100 °C. The thicker rod 

appears to have a lower peak temperature during the burning process, given the fact that it is more 

capable of retaining heat under the effect of turbulent cooling. The reason would be that the 

burning times of heptane cases are so short that the thick rod has not reached a higher temperature 

yet and the burning already reaches the decaying stage with a very thin fuel layer left. 

4.5.4 Burning Rate Formulation 

In this section, the burning rate formulations of the heptane layer burning in no rod cases using the 

surface energy balance (Eqn. 4.1) and rod cases using the control volume energy balance (Eqn. 

4.4) are discussed.  

4.5.4.1 Case 1: Heptane Burning with no Rods Conditions 

The burning rate can be modeled by a fuel surface energy balance given by Equation 4.1. Under 

this burning condition, the heat input onto the fuel surface is determined by the gas phase 

conduction, and the heat diffusion in the liquid layers is by means of conduction. This procedure 

is similar to the dodecane layer burning in Section 4.4.4.1 and will not be elaborated further.  

Figure 4.24 shows the regression rate results of experiments (global and regional). Note that the 

thermocouple measurements used in the model are from the burning time between 130 – 170 

seconds in the steady regression stage. The model results match with the experimental results 

reasonably well. The model also predicts the changing trend as the turbulence increases.  
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Figure 4. 24: Heptane burning regression rate results from the surface energy balance model 

and experimental results for global average and regional average. 

4.5.4.2 Case 2: Heptane Burning with Rods and no Turbulence Conditions 

Different from the suppression effects discussed in the dodecane cases, the burning rate is 

enhanced for the heptane layer burning with a copper rod in still water. This is caused by the 

nucleate boiling within the heptane layer as explained previously. This section focuses on the 

burning rate facilitation effects of the rod cases in the stationary water sublayer. The control 

volume energy balance based on Equation 4.4 is modified such that the bottom boundary includes 

the fuel/water interface and the rod’s bottom surface immersed in the water layer (same as shown 

in Figure 4.16). Additionally, the extra heptane evaporation caused by the nucleate boiling on the 

rod’s surface will be considered. The mass transfer as the form of water vapor bubbling at the 

fuel/water interface does not occur. As a result, the energy balance equation becomes: 

                                     𝑚̇𝐹,𝑠𝑢𝑟𝑓
 𝐿𝐹 = 𝑞̇𝑠 + 𝑞̇𝑒,𝑟𝑜𝑑 − 𝑞̇𝑙𝑜𝑠𝑠,𝑖𝑛𝑡 − 𝑞̇𝑙𝑜𝑠𝑠,𝑟𝑜𝑑 −  𝑚̇𝐹,𝑟𝑜𝑑

 𝐿𝐹   ,              (4.12) 

where the heat input from the gas phase, 𝑞̇𝑠 and from the rod’s cross-section in the control volume 

is the same as the former dodecane cases of 𝑞̇𝑠 = 𝐴𝐹𝑘𝑎𝑖𝑟(𝑑𝑇/𝑑𝑦)𝑦=0+ (Eqn. 4.5) and 𝑞̇𝑒,𝑟𝑜𝑑 =

𝐴𝑟𝑜𝑑𝑘𝑐𝑜𝑝𝑝𝑒𝑟(𝑑𝑇/𝑑𝑦)𝐴→𝐵. The heat loss at the fuel/water interface, 𝑞̇𝑙𝑜𝑠𝑠,𝑖𝑛𝑡 is by conduction in the 

water sublayer: 𝑞̇𝑙𝑜𝑠𝑠,𝑖𝑛𝑡 = 𝐴𝐹𝑘𝑊(𝑑𝑇/𝑑𝑦)𝐹/𝑊−. The above energy terms can be measured by the 

thermocouple array and the thermocouples on the rod’s surface.  

Furthermore, the heat loss on the rod’s bottom section contacting the water layer can be estimated 

according to the dissolved air bubble condition at this rod area. As shown in Figure 4.21, the 

dissolved air bubbles only appear to be attached to the rod’s surface and the departure rate can be 

neglected. This indicates the heat flux at this rod region is enough for bubble generation but not 

sufficient to pass the threshold of onset of nucleate boiling. Therefore, the boiling curve for water 

at 1 atm reported by Incropera et al. [107] can be used to estimate the heat flux value at the rod’s 

bottom. When the surface heat flux approaches 10,000 W/m2, the boiling curve starts to reach the 

boiling region from the pure convection region. Based on this, the heat loss term on the rod’s 

bottom section, 𝑞̇𝑙𝑜𝑠𝑠,𝑟𝑜𝑑  can be expressed as 𝑞̇𝑙𝑜𝑠𝑠,𝑟𝑜𝑑 = 𝐴𝑟,𝑊𝑞̇𝑂𝑁𝐵
′′  and 𝑞̇𝑂𝑁𝐵

′′ = 10,000  W/m2. 

The two energy terms for fuel evaporation terms are: (1) the fuel evaporation on the rod’s surface 
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within the heptane layer by nucleation boiling, 𝑚̇𝐹,𝑟𝑜𝑑
 𝐿𝐹  and (2) the fuel evaporation on the 

burning heptane surface, 𝑚̇𝐹,𝑠𝑢𝑟𝑓
 𝐿𝐹.  

The energy transferred by heptane bubble generation 𝑚̇𝐹,𝑟𝑜𝑑
  is analyzed by bubble counting using 

highspeed videography. The procedure is identical to the mass measurements of water bubbles on 

the rod’s surface in dodecane cases (Section 4.4.4.2). Further, only one highspeed camera is needed 

to capture the heptane bubble departure on the rod’s surface. The camera is set at 2873 FPS with 

a recording resolution of 800 × 600 viewing at the rod’s immersed surface. The heptane bubbles 

quickly climb up along the rod’s surface and burst at the fuel surface. To measure the departure 

frequency, 600 continuous frames are used. The number of heptane bubbles reaching the fuel 

surface are counted by image processing the 600 frames. Then the result is doubled to account for 

the entire rod perimeter. Next, a factor of 4.76 is multiplied to yield the bubble departure number 

for 1 second given that the 600 frames correspond to 0.21 seconds. This bubble measurement is 

performed at 150 s after ignition, which is following the thermocouple measurements in this steady 

burning region. Figure 4.25 shows an example of the highspeed camera snapshots of heptane 

bubble tracking. The bubble departure size is 1 mm and the number with dash circles tracks the 

bubble position.  
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Figure 4. 25: Bubble measurement of heptane nucleation boiling on the 10 mm copper rod. 

The photo strip shows the bubble movement tracking in a 7 ms interval at 150 s. 

Table 4.5 shows the bubble measurement results of 10 mm and 20 mm copper rod burning cases 

with no turbulence conditions. The schematics show heptane bubble nucleation areas. Note that 

only the rod’s surface is shown in the drawing because the entire pool area is not needed in this 

case as no boiling occurs at the heptane/water interface. As the copper rod collects heat in the gas 

phase, the temperature gradient between the collector section and the immersed section will be 

formed, which causes the heat transfer into the rod’s bottom section. The rod’s surface temperature 

will rise until the boiling point of heptane is reached at 98 °C. At this condition, heptane bubbles 

are generated in the fuel layer, and the onset of nucleate boiling is shown in Table 4.5. For a 10 

mm rod, the time to reach heptane boiling is 45 seconds and 85 seconds for a 20 mm rod. It takes 

longer for the thicker rod to accumulate energy because of the much larger heat capacity. The 

departure size of the heptane bubbles is measured to be identical at 1 mm for both rod sizes. For 

departure frequency, the heptane cases are much higher than the dodecane cases. Compared with 

the latent heat of gasification of dodecane at 358 J/g, heptane is lower at 318 J/g. Besides, the 

boiling point of dodecane is much higher at 216 °C than that of heptane (98 °C). Therefore, the 

latent energy for evaporation as calculated by 𝐿𝐹
 = 𝛥𝐻𝐹 + 𝑐𝑝,𝑙(𝑇𝑏 − 𝑇∞) for heptane is much 

lower in value. This is demonstrated experimentally by a higher bubble departure frequency in 

heptane cases because the bubble generation is easier. For 10 mm rod, the departure frequency is 

800 Hz and the value doubles to 1600 Hz for 20 mm rod. The thicker rod is heated at a lower speed, 

which causes the bubble generation at each nucleation site to be slower. However, because of the 

larger sidewall area in the heptane layer, the thicker rod still has a higher bubble departure rate. 

Table 4. 6: Bubble measurement results for heptane layer burning with copper rods under 

no turbulence condition. 
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Based on Equation 4.12, all terms can be estimated and the heptane consumption rate on the fuel 

surface, 𝑚̇𝐹,𝑠𝑢𝑟𝑓
  can be calculated. Now, the corresponding modeled results of 𝑚̇𝐹

′′ =

𝑚̇𝐹,𝑠𝑢𝑟𝑓
 +𝑚̇𝐹,𝑟𝑜𝑑

 

𝐴𝐹
 for each burning configuration can be obtained then it can be compared with the 

experimental results.  

Table 4. 7: Modeling and experimental results of heptane mass flux on the pool surface. 

 

Table 4. 7 shows the modeled and experimental results of the heptane mass flux on the pool surface. 

By comparison with the two sets of results, the modeled heptane mass flux values have good 

agreement with the experimental data. Also, the modeled mass burning rate increases with a larger 

rod diameter, which matches the experiments as well. Kang et al. [114] reported the burning rate 

of small-scale heptane pool fires. Their experimental measurement of mass loss flux at the fuel 

surface was around 10 g/m2s for a 10 cm pool fire, where the lower experimental result is supposed 

to be caused by their temperature condition at 13.4 °C compared to 28 °C in this study.  

4.5.4.3 Case 3: Heptane Burning with Rods and Turbulence Conditions 

When the water sublayer is made turbulent, the nucleate boiling on the rod’s surface in the heptane 

layer disappears because the film of liquid heptane touching the rod’s surface cannot be kept at 

super-heated condition within a dynamic fuel layer. Therefore, the control volume energy balance 

needs to be modified to describe the turbulent conditions. The equation is similar to that used for 

dodecane and given by: 𝑚̇𝐹
 𝐿𝐹 = 𝑞̇𝑠 + 𝑞̇𝑒,𝑟𝑜𝑑 − 𝑞̇𝑙𝑜𝑠𝑠,𝑖𝑛𝑡 − 𝑞̇𝑙𝑜𝑠𝑠,𝑟𝑜𝑑 (Eqn. 4.7). Each energy term 

is discussed in detail in Section 4.4.4.3. 

Table 4.8 shows the details of energy terms in the burning rate formulation. The calculated burning 

rates have a good match with the experimental burning rates. For the same rod size, the burning 

rate decreases with stronger turbulence intensity. When the 10 mm rod is used, the calculated mass 

burning rates are 0.103 and 0.076 g/s as 𝑢′ increases from 0.017 m/s to 0.033 m/s. The same trend 
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is also found in the 20 mm rod cases, where the calculated burning rate is 0.108 g/s for 𝑢′ = 0.017 

m/s and 0.076 m/s for 𝑢′ = 0.033  m/s. Moreover, under the same turbulence intensity, the 

difference between 10 mm and 20 mm rods is very minor. This means the water sublayer 

turbulence is a more influential factor compared with the rod’s size in heptane burning.  

From Table 4.8, we can exam each energy term to have comprehensive understandings of the 

effects of water sublayer turbulence and rod diameter. In terms of the energy input from the gas 

phase to the pool surface, 𝑞̇𝑠 = 𝐴𝑝𝑘𝑎𝑖𝑟 (
𝑑𝑇

𝑑𝑦
)

𝑦=0+
 increases as the turbulence increases, because the 

pool surface is exposed to a lower flaming zone. As in the dodecane cases, the thermocouples in 

the gas phase close to the fuel surface capture this flame location shifting. 𝑞̇𝑠 for heptane is lower 

compared to dodecane cases because the flame height in dodecane cases is much lower. 

Table 4. 8: Calculations of energy terms in the burning rate formulation of heptane burning 

with a copper rod in turbulence conditions. 

 

The energy inputs through the copper rod’s cross-section area 𝑞̇𝑒,𝑟𝑜𝑑 =

𝐴𝑟𝑜𝑑𝑘𝑐𝑜𝑝𝑝𝑒𝑟 (
𝑇𝑅,𝐴−𝑇𝑅,𝐵

𝑆𝐴𝐵
)

 
are smaller in 10 mm rod (55.90 and 51.65 W) than 20 mm rod (69.92 and 
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61.73 W). Even the temperature difference of 𝑇𝑅,𝐴 − 𝑇𝑅,𝐵 is more significant on the 10 mm rod, 

which is above 30 °C for both turbulence intensities. The small cross-section area of the thinner 

rod brings down the 𝑞̇𝑒,𝑟𝑜𝑑  value even with the 𝑇𝑅,𝐴 − 𝑇𝑅,𝐵  values being only around 10 °C. 

Comparing the two energy input terms, we can notice that the rod helps to transfer a larger amount 

of energy into the liquid layers than the energy transfer from the gas to the fuel surface. However, 

the turbulent water sublayer at the rod’s bottom section takes away a noticeable amount of heat as 

well. Another heat loss is through the fuel/water interface by convection. This term is expressed 

by 𝑞̇𝑙𝑜𝑠𝑠,𝑖𝑛𝑡 = 𝐴𝑝𝑜𝑜𝑙
 ℎ𝑖𝑛𝑡(𝑇𝑖𝑛𝑡 − 𝑇∞) and the values are larger with 10 mm rod, which is caused by 

the lower interface temperatures measured in 10 mm rod. It appears that the convective heat loss 

on the 20 mm rod’s bottom section is quite strong so that there is not enough energy going into the 

heptane layer to rise the interface temperature. As the result, the 𝑞̇𝑙𝑜𝑠𝑠,𝑖𝑛𝑡 of 10 mm cases are 20.46 

and 23.9 W with respect of the two turbulence conditions while in 20 mm rod cases, the 𝑞̇𝑙𝑜𝑠𝑠,𝑖𝑛𝑡 

are lower at 18.17 and 20.1 W. 

Figure 4.26 shows the summary of energy terms for dodecane and heptane layer burning with rod 

and turbulent water sublayer from Equation (4.7) that are listed in Table 4.5 and Table 4.8. Each 

bar represents the energy value in the unit of W corresponding to the heat input term or heat loss 

term under each specific burning configuration. For both types of fuel, the energy inputs through 

the copper rod appear to be the dominate heat source going into the liquid layers compared to the 

heat input through the fuel surface. The heat inputs through the fuel surface, 𝑞̇𝑠 remain almost 

constant for all the case. The thicker rods have both higher energy inputs 𝑞̇𝑒,𝑟𝑜𝑑 and more heat loss 

to the water sublayer 𝑞̇𝑙𝑜𝑠𝑠,𝑟𝑜𝑑. Under the turbulence range (𝑢′ = 0.017 and 0.033 m/s) in this 

chapter, the rod diameter (𝑑𝑟 = 10 and 20 mm) is more influential compared to the turbulence 

intensity in terms of altering the heat transfer behaviors of the copper rod. However, as more heat 

is transferred to the fuel layer with a thicker rod, more heat loss is lost to the water sublayer at the 

same time. Therefore, the mass burning rate is not so sensitive to the rod size because the two 

effects tend to cancel out. By comparison, the water sublayer turbulence intensity has more 

influence on the mass burning rate. This is because the additional heat loss at the fuel/water 

interface further reduces the amount of heat being used for fuel evaporation at the pool surface. 

Among all the experimental parameters, the most influential factor is the fuel type since heptane 

burns much more quickly than dodecane under every burning condition. From Figure 4.26, the 
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heat loss through the fuel/water interface 𝑞̇𝑙𝑜𝑠𝑠,𝑖𝑛𝑡 is much higher in dodecane cases because the 

temperature difference of the interface and water sublayer is measured much larger.  

 

Figure 4. 26: Summary of energy terms. (a) Dodecane layer burning with a copper rod and 

turbulent water sublayer. (b) Heptane layer burning with a copper rod and turbulent water 

sublayer. 
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4.6 Effect of multiple rods placement in turbulent condition 

The previous sections have demonstrated the experimental and modeled results of fuel layer 

burning in various configurations, among which the data of the burning cases with rod placement 

and turbulent water sublayer are considered most meaningful to help us investigate the 

effectiveness of the Flame Refluxer in real world applications.  Although there is only a single rod 

used in this study and the convective heat loss is high, the thicker rod (20 mm) still has a positive 

effect on the burning rate of both dodecane (Fig. 4.6) and heptane layer (Fig. 4.18). This leads to 

the following theoretical discussions of using multiple rods to increase the fuel layer burning rate. 

Figure 4.26 shows that the amount of energy lost to the water layer on the rod’s bottom area 

𝑞̇𝑙𝑜𝑠𝑠,𝑟𝑜𝑑 appears to be quite large given the fact that a short section of 1 cm of the rod is immersed 

in the water layer. In turbulence condition, the bottom of the rod acts as a heat sink, which 

constantly drains the energy collected from the flame. To achieve the best, the bottom of the copper 

rods should be placed within the fuel layer. The contact between the rods and water sublayer should 

be avoided therefore all the collected energy can be dissipated into the fuel slick. Under this 

situation, the governing energy equation considering the fuel layer as the control volume can be 

modified based on Equation 4.3 without the energy loss term on the rod 𝑞̇𝑙𝑜𝑠𝑠.𝑟𝑜𝑑
  to: 

                                                      𝑚̇𝐹,𝑠𝑢𝑟𝑓
 𝐿𝐹

 = 𝑞̇𝑠
 + 𝑞̇𝑒,𝑟𝑜𝑑

 − 𝑞̇𝑙𝑜𝑠𝑠.𝑖𝑛𝑡
    ,                                       (4.12) 

The energy terms used for bubble generation are neglected because the nucleate boiling of any 

liquids is hardly observed under turbulent conditions. Let’s assume 𝑁 rods with the diameter of 10 

mm are used. The thermal interaction between rods is neglected in this analysis. The energy input 

in the gas phase on the fuel surface can be expressed by: 

                                                      𝑞̇𝑠
 = (𝐴𝑝𝑜𝑜𝑙 − 𝑁𝐴𝑟𝑜𝑑)𝑘𝑎𝑖𝑟 (

𝑑𝑇

𝑑𝑦
)

𝑦=0+

        ,                                (4.13) 

This value is almost constant for the same fuel type across different burning configurations as 

shown in Figure 4.26. For dodecane burning 𝑞̇𝑠
  is assumed to be 38 W and 25 W for heptane 

burning.  Next, the energy input through the copper rods into the fuel layer is: 

                                                   𝑞̇𝑒,𝑟𝑜𝑑
 = 𝑁𝐴𝑟𝑜𝑑𝑘𝑐𝑜𝑝𝑝𝑒𝑟(𝑑𝑇/𝑑𝑦)𝐴→𝐵         ,                                     (4.14) 
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where the temperature gradient of the rod at the fuel surface (𝑑𝑇/𝑑𝑦)𝐴→𝐵 can be estimated using 

the measured thermocouple data. For dodecane layer burning case, 𝑇𝑅,𝐴 − 𝑇𝑅,𝐵 equals 37 °C for 

10 mm copper rod (Table 4.5). For Heptane burning, 𝑇𝑅,𝐴 − 𝑇𝑅,𝐵 equals 34 °C for 10 mm copper 

rod (Table 4.8). These vertical temperature difference on the rod is assumed to be constant across 

the use of 𝑁 rods, and the distance between A and B is fixed at 2 cm. From the experimental results, 

the temperature difference Furthermore, the convective loss at the fuel/water interface becomes: 

                                                      𝑞̇𝑙𝑜𝑠𝑠.𝑖𝑛𝑡
 = 𝐴𝑝𝑜𝑜𝑙

 ℎ𝑖𝑛𝑡(𝑇𝑖𝑛𝑡 − 𝑇∞)    ,                                              (4.15) 

The surface of the pool is used because the rod’s bottom does not reach into the water layer. To 

investigate the rods effect under the worst scenario, the fuel/water interface temperature 𝑇𝑖𝑛𝑡 is 

assumed to be the boiling point of the fuel which yields a maximum value of 𝑞̇𝑙𝑜𝑠𝑠.𝑖𝑛𝑡
 . Therefore, 

𝑇𝑖𝑛𝑡 equals 216 °C and 98 °C for dodecane and heptane layer burning respectively. The convective 

heat transfer coefficient in the water layer ℎ𝑖𝑛𝑡 increases with 𝑢′ and the values are adopted from 

Table 3.9.  

To achieve enhancement on the fuel burning rate, the external heat supplied by the rods (𝑞̇𝑒,𝑟𝑜𝑑
 ) 

need to compensate the convective heat loss at the water interface (𝑞̇𝑙𝑜𝑠𝑠.𝑖𝑛𝑡
 ). Figure 4.27 shows 

the comparisons of the 𝑞̇𝑒,𝑟𝑜𝑑
  and 𝑞̇𝑙𝑜𝑠𝑠.𝑖𝑛𝑡

 . The dashed horizontal lines represent the heat inputs 

from 𝑁 number of rods. The curve lines represent the convective heat loss increase as turbulence 

intensity (𝑢′) increases. Each figure is divided into two areas: 1) the area above the heat loss curve 

stands for the condition where the 𝑁 rods act positively to enhance the fuel burning rate and 2) the 

area below the curve represents the condition where the convective heat loss surpasses the heat 

input by the rods. In the enhancement region, the energy provided by the rods can overcome the 

heat loss to the water sublayer so that all the energy absorbed on the fuel surface can be used for 

fuel evaporation, thus achieving burning enhancement. It is noticed that the dodecane burning 

condition requires more rods for enhancement compared to the heptane burning under the same 

turbulence intensity, which matches with the fact that heptane is more flammable. A – F are chosen 

for sample calculations to demonstrate the effect of the multiple rod placement where each fuel 

type includes three data points. These points are selected in the fashion that one point is lower than 

the convective heat loss curve with 𝑁 = 1 and the next point has a greater number of rods under 



120 

 

the same turbulence intensity. Then, the third point is at the same number of rods placement but in 

higher water layer turbulence (Fig. 4.27). 

 

Figure 4. 27: Comparison between convective heat loss at the fuel/water interface and 

external energy input through the N rods. (a) Dodecane layer burning. (b) Heptane layer 

burning. A – F represent six sample calculation points.  

Table 4.9 shows the details of mass burning calculation of the selected data point A – F. The pool 

area is 10 cm in diameter. The estimated mass loss results obtained by the multiple rods theory are 
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compared to the baseline mass loss measurements under no rod placement condition with a still 

water layer. According to the ratio of calculated results over experimental baseline, the application 

of additional copper rods can effectively increase the burning rate. When water layer turbulence 

intensity is 𝑢′ = 0.03 m/s, the burning rate can increase to more than 300% the baseline when 4 

copper rods with diameter of 10 mm are immersed in the fuel layer. The increase of burning rate 

is significant when 4 rods are used compared to 1 rod condition. For heptane burning cases, the 

burning rate increases to more than 400% the baseline when 3 rods immersed in the fuel slick. 

Since the heptane layer is more flammable than dodecane layer, it requires fewer rods to achieve 

a very high burning rate in heptane burning cases. The calculated increase ratios match with the 

results from Arsava et al. [28] where the crude oil pool fire burning speed is enhanced up to 500% 

in a 1 m pan. 

Table 4. 9: Sample calculations of multiple rods effects on the burning rate. 

 

The above theory provides an engineering design basis in terms of copper rods (Flame Refluxer) 

application on in-situ burning in a dynamic water environment. The calculations benefit from the 

experimental measurements to reasonably estimate the heat transfer through the rod and liquid 

interfaces.  
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4.7 Conclusions  

Under no turbulence condition (𝑢′ = 0 m/s), the fuel layer burning rate is noticeably affected by 

the fuel type, or more specifically, the boiling point of the fuel compared to the water boiling point 

when a copper rod is placed in the fuel and water layers. For the two fuels used in this chapter, the 

dodecane layer (boiling point of 216 °C) burning condition has nucleate boiling on the rod’s 

surface in the water sublayer.  On the contrary, the nucleate boiling occurs on the rod’s surface 

within the fuel layer in heptane layer (boiling point of 98 °C) burning condition. The different 

nucleate boiling region causes suppression and facilitation on the dodecane and heptane burning 

rate separately, where water bubbles are generated in dodecane burning and heptane bubbles are 

generated in heptane burning. The heat transfer by bubble generation is estimated by bubble 

counting using highspeed image processing. The burning rates under both burning conditions are 

modeled and the calculated results match with the experimental results.  

Under turbulence conditions (𝑢′ = 0.017 and 0.033 m/s), the nucleate boiling is not observed for 

both types of fuel on the rod’s surface. The suppression and facilitation effects by bubbles in no 

turbulence conditions are no longer in consideration. Despite that, heptane still has a much higher 

burning rate compared with dodecane. This is because the comparably higher fuel/water interface 

temperature for dodecane and the water sublayer temperature is constant at ambient temperature 

for all the cases. The rod diameter (𝑑𝑟 = 10 and 20 mm) is influential in terms of altering the heat 

transfer behaviors through the copper rod, but not so much to the burning rate. Instead, the water 

sublayer turbulence intensity has more influence on the fuel layer burning speed. 

The theoretical analysis of multiple rods placement indicates a burning rate increase of 300% for 

dodecane layer burning with 4 immersed copper rods under water turbulence intensity of 𝑢′ =

0.03 m/s. And the increase of 400% is achieved in heptane layer burning with 3 immersed copper 

rods under the same turbulence condition. 

The theoretical analysis of multiple rods placement indicates a burning rate increase of 300% for 

dodecane layer burning with 4 immersed copper rods under water turbulence intensity of 𝑢′ =

0.03 m/s. And the increase of 400% is achieved in heptane layer burning with 3 immersed copper 

rods under the same turbulence condition. The enhancement is made possible by avoiding the rod’s 

bottom contacting the water sublayer. 
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Chapter 5: Conclusions 

5.1 Outcome of the current work 

A lab-scale turbulence generation system is built to create isotropic turbulence as the experimental 

foundation of this study. The water surface region is made turbulent using an upward confined jet 

and the turbulence intensity (root-mean-square velocity, 𝑢′ ) can be adjusted precisely by 

controlling the flow rate through the jet nozzle. The turbulence is measured using Particle Image 

Velocimetry and the result shows the system can simulate the fluctuating turbulence as measured 

in a calm ocean surface. The 𝑢′ operation range in this study is 0 – 0.050 m/s for the wire 

experiment in Chapter 2 and 0 – 0.033 m/s for the fuel layer burning experiments in Chapter 3 and 

Chapter 4. 

In Chapter 2, the heat transfer mechanism and bubble behaviors of subcooled nucleate pool boiling 

using 0.127 mm diameter nichrome wire are experimentally studied in a 4 cm thick isotropic 

turbulent dodecane layer. The heat transfer is closely interrelated with bubble behaviors so that 

four stages of bubble behaviors characterize different corresponding regions of the nucleate boiling 

curve. They are, respectively: sweeping stage, bouncing and merging stage, hanging stage, and 

film boiling stage. The heat transfer shows improvement under turbulent cases. Bubble departure 

frequency (BDF) and critical heat flux (CHF) increase as a function of turbulence strength 

represented by root-mean-square (RMS) velocity. Bubble departure size decreases as a function 

of turbulence RMS velocity. The bubble propulsion mechanism is dominated by two competing 

factors: Marangoni force and thermocapillary convection. Both are subject to the impact of 

turbulent eddies, which facilitates the bubble lift-off, and improves the heat transfer performance 

compared with the baseline case. This chapter offers a basic understanding of the heat transfer of 

hot objects immersed in the turbulent liquids, which contributes to the analysis of Chapter 4 where 

the pool fire is coupled with the copper rod placement in the fuel and water layer. 

In Chapter 3, the crude oil slick burning on a turbulent water bath is studied. An oil layer with an 

initial thickness of 5 mm has been used and the mass loss rate decreases when the water sublayer 

is made turbulent. A weaker burning process with smaller flame height and boilover behavior is 
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observed as the turbulence intensity becomes stronger. The thermocouple array measurements 

indicate that the water sublayer cannot develop temperature gradients even at the low level of 

turbulence intensity at 𝑢′ = 0.017 m/s. The heat reaching the water will be instantly taken away 

because of the turbulent mixing thus facilitating the heat loss of the oil slick, which causes a 

reduction in MLR up to 34% at 𝑢′ = 0.033 m/s compared to baseline. The convective heat transfer 

coefficient in the water sublayer is obtained by matching the one-dimensional conduction model 

to the measurement data and has the value of ℎ𝑐𝑜𝑛𝑣 = 78, 93, 125 W/m2 corresponding to 𝑢′ =

0.017, 0.025, 0.033 m/s. The value of 𝜒 indicates the fraction of the total combustion heat release 

rate being absorbed onto the fuel surface, and it decreases with the turbulence intensity which is a 

result of weakened flame causing heat flux changes in the mass burning rate model. The heat and 

mass transfer characteristics during the oil slick burning are highly related and both are subject to 

the impact of the presence of turbulence in the water sublayer. The results in this study reveal the 

challenge of in-situ burning in the ocean environment and lead to the fuel burning experiments 

with a copper rod aiming to enhance the burning rate under turbulent conditions. 

Based on the understandings and results from the wire experiment and the crude oil burning 

experiment, the ultimate experiment configuration, which is the hydrocarbon fuel burning with an 

immersed copper rod on the turbulent water surface is studied in Chapter 4. Dodecane and heptane 

are used as two types of fuel with different boiling points. Under zero turbulence conditions (𝑢′ =

0 m/s), the fuel layer burning rate is noticeably affected by the fuel type, or more specifically, the 

boiling point of the fuel compared to the water boiling point. The dodecane layer (boiling point of 

216 °C) burning cases have nucleate boiling on the rod’s surface in the water sublayer, while the 

nucleate boiling occurs on the rod’s surface within the fuel layer in the heptane layer (boiling point 

of 98 °C) burning cases. The different nucleate boiling region causes suppression and facilitation 

on the dodecane and heptane burning rate respectively. The heat transfer by bubble generation is 

estimated by bubble counting using highspeed image processing. While the nucleate boiling is not 

observed for both types of fuel on the rod’s surface under turbulence conditions (𝑢′ = 0.017 and 

0.033 m/s), the suppression and facilitation effects by bubbles in no turbulence condition are no 

longer in consideration, and the convective heat loss at the water interface become a major factor 

causing a low enhancement by the copper rod. For each burning configuration, a burning rate 
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formulation coupled with experimental results is used to capture the details in the heat and mass 

transfer features.  

Finally, a theoretical analysis on the effects of multiple copper rods placement is studied using the 

measurement data adopted from the experiments. The copper rod position is optimized such that 

the rod’s bottom area does not touch the water layer and the heat coming from the rod can be 

transferred to the fuel layer. The results predict an over 300% increase for dodecane burning rate 

when 4 copper rods with a diameter of 10 mm are immersed in the fuel layer under turbulence 

intensity of 𝑢′ = 0.03 m/s. For heptane burning cases, the burning rate increases to more than 

400%  of the baseline when 3 rods are immersed in the fuel slick. This analysis provides a 

reasonable engineering basis to determine the number of copper rods required for the Flame 

Refluxer design to achieve a certain level of enhancement.  

This study comprehensively incorporates the experiments from simple configurations to complex 

forms to answer the questions raised in the introduction. Most importantly, this work provides a 

novel experimental platform to investigate the Flame Refluxer’s performance on a controllable lab 

scale. Although the heat and mass transfer mechanisms are inherently complicated with the 

coupling of immersed conductive object and underlayer turbulence, the burning rate formulations 

can offer an engineering solution to predict the burning rate enhancement using Flame Refluxer 

during an in-situ burning process. 

5.2 Suggestions for future work 

The fuel slick burning with immersed conductive objects on a turbulent water surface can benefit 

from this work as it is governed by the same heat and mass transfer mechanisms that were 

investigated herein. Although, much consideration shall be given to account for the application of 

the Flame Refluxer in the real-world scenario. A single copper rod is chosen as the experimental 

subject across this work because of its geometrical symmetry. The measurements of energy used 

in both heat transfer and nucleate boiling behaviors take advantages of the simple rod geometry. 

However, metal rods might not be the optimal format for the Flame Refluxer because they can be 

heavy and hard to deploy. Other shapes like metal sheets are worth investigating because of their 
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much larger surface-to-volume ratio and cost-effect considerations during the manufacture, 

transport, and deployment process.  

The length scale of the turbulence generated in the confined jet system is fixed to the cylinder 

diameter. Therefore, the turbulence length scale does not vary much in the current study, and only 

the change of intensity is investigated. The turbulence in the ocean has a wide range of length 

scales and intensities. Although to fully reproduce the complex dynamic ocean surface is 

challenging and lack experimental significance, it is worthy of increasing the tank size so that the 

fuel-burning behaviors under different turbulence length scales can be studied. It would be very 

useful as we are expanding the results of this work towards the improvement guidelines on the 

Flame Refluxer design. 
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Appendix 1: Experimental setup photos 

Few photos are presented to show the experimental setup details. 

 

Figure A1. 1: Top view of the turbulence generation system bottom. 

The center nozzle (inner diameter of 1.27 cm) directs the confined jet upwards into the cylinder 

(inner diameter of 10 cm). Two suction ports are placed adjacent to the jet nozzle to recirculate 

the water back to the pump. 

 

Figure A1. 2: The pump used in the turbulence generation system. 

A magnetic drive pump with capacity of 1325 gallons per hour (GPH) is used in the turbulence 

generation system. This type of centrifugal pump can deliver steady and constant flow which 

minimizes the water surface periodic oscillation. The propeller is indirectly driven by the 
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magnetic force from the motor section, so there is no over-heating issue when the flow rate is 

low. This pump is overall quite during operation and has low vibrations. 

 

Figure A1. 3: The flow meter used in the used in the turbulence generation system. 

A turbine type flow meter is used to measure the volumetric flow rate in the pipeline. The 

readings are obtained by the rotation speed of the propeller within the meter. A metal mesh filter 

should be installed at the inlet to avoid any potential damage to the propeller. The flow meter 

needs to be calibrated with water before used in the experiments. 

 

Figure A1. 4: The pipelines and control valve in the turbulence generation system. 

The pipelines coming from the two suction ports join before attaching to the pump inlet. A 

manually control valve is used to adjust the flow rate by turning the handle and checking the 

flow meter readings. 
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Figure A1. 5: Quick adjustable frame for holding the copper rod. 

The copper rod is clamped on a height adjustable frame. Two quick release mechanisms are used 

for the ease of changing the rod position. The base is wider than the turbulence generation 

system and open in one direction (back) so that the whole structure can be slide in position. 

 

Figure A1. 6: The photograph of fuel layer burning in the turbulence generation system with 

a copper rod hold by the adjustable frame. 
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Appendix 2: Particle Image Velocimetry (PIV) measurements 

A2.1 Software 

PIVlab – an open research software based on MATLAB (https://pivlab.blogspot.com).  

Reference: 

• W. Thielicke, E.J. Stamhuis, (2014) PIVlab – Towards User-friendly, Affordable and 

Accurate Digital Particle Image Velocimetry in MATLAB, J. Open Res. Softw. 

https://doi.org/10.5334/jors.bl.  

• W. Thielicke, R. Sonntag, (2021) Particle Image Velocimetry for MATLAB: Accuracy 

and enhanced algorithms in PIVlab. J. Open Res. Softw, 9: 12. 

DOI: https://doi.org/10.5334/jors.334) 

A2.2 Camera optical criteria 

 

Figure A2. 1: The highspeed camera used for PIV image capture. 

Chronos 1.4 highspeed camera with microscope lens are used to capture the tracer movements. 

The camera is set to record at a resolution of 1280 × 1024 at 1057 FPS for 8 seconds for each 

turbulence intensity (root-mean-square (RMS) velocity, 𝑢′ ) measurement. The recording image 

window is 68 × 55 mm at the water surface. 

https://pivlab.blogspot.com/
https://doi.org/10.5334/jors.bl
https://doi.org/10.5334/jors.334
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Figure A2. 2: Highspeed recording window (68 X 55 mm) position at the water surface. 

PIV setting:  

1. Multi-pass (4) with fast Fourier transform (FFT) window deformation 

2. The interrogation areas are set to 1.7 × 1.7 mm (32 × 32 pixels) with 50% overlap 

3. The interrogation area resolution approximately follows the “1/4” rule that the tracer 

displacement is about 0.03 mm between frames to ensure the detection 

4. 3000 frames are analyzed to output the RMS velocity under each flow rate through the jet 

nozzle 

A2.3 Tracer particles 

Micro air bubbles with diameter of around 100 μm are used as tracer or seeding particles. The air 

bubbles were formed due to the break-ups of air pocket initially in the pipelines when the pump 

is turned on. The diameter of the bubbles is measured near the surface. 

 

Figure A2. 3: The measurement of the air bubble diameter. 
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A 10 mm thin metal strip is placed into the frame as a scale reference which measured to have 

187 pixels. Each air bubble takes about 2 pixels in the image which equals to 100 μm in 

diameter. 

The bubbles should be small enough to follow the Stokes law, the non-dimensional velocity error 

induced by gravitational force is given by: 

 

where 𝑑𝑏 is the bubble size, 𝛾 notes the acceleration field, 𝜌𝐿 and 𝜌𝐺   are the gas and liquid 

densities, 𝑈 is the flow velocity. 

 

Figure A2. 4: Theoretical non-dimensional velocity deviation due to gravitational force for 

air bubbles.  

(V.Aumelas, Y.Lecoffre, G.Maj, J.-P.Franc, Micro-bubbles seeding for flow characterization. 

(2016). IOP Conference Series: Earth and Environmental Science, Volume 49, Issue 6) 

 

For 10 cm/s flow, 100 μm air bubble has velocity deviation from the flow of ~5%. 

To measure the air bubbles size across the image frame. A MATLAB algorithm is used: 
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a. 

 

b.  

Figure A2. 5: Measurement of the bubble (tracer particle) size. (a) Algorithm. (b) Probability 

distribution results. 
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To measure the total number of particles in the fame: 

 

Figure A2. 6:: Measurement of the bubble (tracer particle) number. 

The number of about 5100 particles in the highspeed camera recording area corresponds to the 

particle image density of 8 (number of tracers per interrogation area). 
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Figure A2. 7: Measurement results of 𝒖′ compared with literatures using the confined jet 

turbulence generation system Q/Dd is the characteristic velocity [m/s]. Q, flow rate through 

the nozzle [m3/s]. D, diameter of the cylinder [m]. d, diameter of the nozzle [m]. 

The convergence analysis shows that at least 500 velocity data is required for 𝑢′ calculation. The 

3000 data used in this study is appropriate.  

                      

Figure A2. 8: Convergence analysis of required data number for turbulence measurement. 
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Appendix 3: Calibration of nichrome wire electrical resistance vs. 

temperature  

The nucleate boiling experiments in Chapter 2 applied thin nichrome wire with diameter of 0.127 

mm so it could be impossible to directly measure the wire temperature. Therefore, an alternative 

method, based on the relationship between wire resistance and temperature was used. The wire 

was placed in an oil bath which is slowly heated in a pan from 50 – 150 °C. A thermocouple was 

place near the wire and the oil temperature was assumed to be same as the wire temperature 

because the wire is extremely thin. A multimeter was used to measure the resistance change of 

the wire. During the heating process, the temperature and corresponding resistance results were 

recorded. 

 

Figure A3. 1: Resistance vs. temperature calibration experiment. 
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The experiment was repeated three times and the curves have good consistence. The relationship 

between resistance and temperature can be expressed as: 𝑅 = 𝛼𝑇 + 𝑅0, and the coefficient 𝛼 is 

9 × 10−4 Ω/°C 

 

Figure A3. 2: Temperature calibration results. 

The wire measurements could be very sensitive as any particulate attached to the wire during the 

process of the experiment. To avoid change of resistance, the test wire was carefully cleaned 

before each experiment.  
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Appendix 4: Algorithm for flame height measurement 

 

 close all 

 clear all 

 clc 

  

%VIDEO TO FRAMES: WPI 

%%%Script combined from the codes used in Fire Laboratory of 

WPI%%% 

%Navigating to the desired working folder 

uiwait(msgbox('Select folder for the video','modal')); 

path_vid=uigetdir; 

cd(path_vid); 

  

%loading the video into matlab 

uiwait(msgbox('Select the video','modal'));  

vidname=uigetfile('*.mp4'); %getting the name of vid through UI 

vid=VideoReader(vidname); %creating the vid object 

  

  

% User Input to determine when to start and stop processing the 

video 

uiwait(msgbox('Specify start & stop time','modal')) 

b=inputdlg('Enter starting time in seconds'); 

t_start=str2num(b{1}); 

b=inputdlg('Enter ending time in seconds'); 

t_end=str2num(b{1}); 

  

%User Input to for cropping the video to desired size 

answer='No'; 

uiwait(msgbox('Crop the picture by dragging and then double-

click inside the square to finalize','modal')) 

while strcmp(answer,'No') 

    [crop,dim]=imcrop(readFrame(vid)); %GUI 

    close all; 

    dim=int16(dim);% converting to integer 

    xmi=dim(2);  %getting the xmin,xmax,ymin,ymax coordinates  

    xma=dim(2)+dim(4)-1; 

    ymi=dim(1); 

    yma=dim(1)+dim(3)-1; 

    b=readFrame(vid); 

    imshow(b(xmi:xma,ymi:yma,:)); 

    answer=questdlg(' Is this good?'); 

    if strcmp(answer,'No') 



148 

 

        uiwait(msgbox('Try again !','modal')); 

    end 

end 

close all 

  

%msgbox('Processing...') 

  

% Going from vid to img 

dur=t_end-t_start; % duration of the segment of vid to treat 

nmb_of_frame=int16(dur*vid.Framerate); %number of frames to 

treat 

nmb_of_frame=double(nmb_of_frame); 

 

%loading the video into matlab 

uiwait(msgbox('Select the video','modal'));  

vidname=uigetfile('*.mp4'); %getting the name of vid through UI 

vid=VideoReader(vidname); %creating the vid object 

  

  

% User Input to determine when to start and stop processing the 

video 

uiwait(msgbox('Specify start & stop time','modal')) 

b=inputdlg('Enter starting time in seconds'); 

t_start=str2num(b{1}); 

b=inputdlg('Enter ending time in seconds'); 

t_end=str2num(b{1}); 

  

%User Input to for cropping the video to desired size 

answer='No'; 

uiwait(msgbox('Crop the picture by dragging and then double-

click inside the square to finalize','modal')) 

while strcmp(answer,'No') 

    [crop,dim]=imcrop(readFrame(vid)); %GUI 

    close all; 

    dim=int16(dim);% converting to integer 

    xmi=dim(2);  %getting the xmin,xmax,ymin,ymax coordinates  

    xma=dim(2)+dim(4)-1; 

    ymi=dim(1); 

    yma=dim(1)+dim(3)-1; 

    b=readFrame(vid); 

    imshow(b(xmi:xma,ymi:yma,:)); 

    answer=questdlg(' Is this good?'); 

    if strcmp(answer,'No') 

        uiwait(msgbox('Try again !','modal')); 

    end 

end 
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close all 

  

%msgbox('Processing...') 

  

% Going from vid to img 

dur=t_end-t_start; % duration of the segment of vid to treat 

nmb_of_frame=int16(dur*vid.Framerate); %number of frames to 

treat 

nmb_of_frame=double(nmb_of_frame); 

  

%CODE TO FIND FLAME HEIGHT  

  

for i = t_start:60:t_end   %saving every minute 

     vid.CurrentTime= i 

    img=readFrame(vid); 

    

imwrite(img(xmi:xma,ymi:yma,:),['img_',num2str(i,'%05d'),'.png']

) % writing the pictures 

end 

%} 

  

clear a; 

n=1; 

for k=t_start:60:t_end 

    check=0; 

    img=imread(['img_',num2str(k,'%05d'),'.png']); 

    img=rgb2gray(img); 

    img=imbinarize(img); 

    img=im2double(img); 

   

  sum=0; 

  dim=size(img); 

   

  for i=3:1:dim(1)-3    %skipping first 3 and last 3 pixels   

      sum=0; 

      for j=3:1:dim(2)-3  %skipping first 3 and last 3 pixels 

              sum=sum+img(i,j); 

      end 

      a(i-2,1,n)=i; 

      a(i-2,2,n)=sum; 

      

      if(sum>0)    

          flhtp(n)=dim(1)-3-i; 

          check =1; 

         break; 

      end 
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     end 

  

  if(check==0) 

    flhtp(n)=0; 

  end 

  n=n+1; 

end 

flhtcm 

length=10; %in cm 

no_of_pixel=360; %obtain pixels for known distance 

m_per_pixel=length/no_of_pixel;    

   flhtcm= flhtp*m_per_pixel;         %flame height in cm 

  flhtcm=flhtcm';    

 

 

 

 


