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Abstract

A 90 mm diameter methanol pool fire was investigated experimentally and
analytically. Aiming for well-defined experiments and understanding the physics
of the involved transport processes, the liquid-side boundary conditions including
the pool’s bottom temperature the wall thermal conductivity and depth were
controlled. Bottom temperature was changed from 0°C to 50°C, wall material was
altered to copper, stainless steel, and quartz, and the pool depth was varied to 6,
12, and 18 mm. Burning rate, flame height, liquid and wall temperatures, and
liquid velocity fields were measured under steady-state and quiescent
environment conditions.

The experimental results showed that the burning characteristics of pool
fire (burning rate and flame height) were affected by the liquid-side boundary
conditions. The temperature profiles along the pool walls also altered from
uniform distributions for the copper pool to significantly non-uniform for the
quartz pool. The generally observed liquid thermal structure (a uniform-
temperature layer above a steep temperature gradient layer) was influenced by the
bottom temperature especially when the wall thermal conductivity increased or
the pool became shallower. The velocity measurements within the liquid pool
revealed the existence of large-scale mixing motions which profoundly
contributed to energy transport from the pool wall into the liquid fuel.

An energy model was developed to quantify different heat pathways from

the flame to the liquid pool and energy changes within the liquid fuel, which
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predicted the fuel burning rate within +£10% of the measured values. This analysis
showed that the heat transfer from the wall to the liquid pool depended strongly
on the wall thermal conductivity. The liquid temperature distributions within the
pool were also modeled as a constant-temperature region at the top and an
exponentially-decreasing-temperature region in the lower part of the liquid pool.
It was shown that when the pool became shallower or its bottom became colder,
more energy was required for the liquid sensible energy change and less became
available for the fuel evaporation. The experimental results and energy models
presented in this study suggested that in order to achieve an accurate energy
balance for pool fire, the liquid phase phenomena and boundary conditions were

important and should be included.
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1. Introduction

1.1 Motivation

The ubiquitous presence of flammable liquids found in modern society
either as fuels, solvents or for cooking has dampened the respect they deserve
during handling and storage. Therefore, their accidental ignition can be
completely devastating. For example, based on a simple calculation it can be
found that a typical compact car with 40 liters of gasoline carries the equivalent
energy to 1400 sticks of dynamite.

Fire accidents can occur in various stages of production, storage,
transportation, and application of flammable liquids. Among the numerous
examples, one notable incident involving burning liquid fuels was at the
Buncefield Oil Depot, Hemel Hempstead, Hertfordshire, UK, (December 11,
2005) that injured over 40 people and significantly damaged both commercial and
residential properties [1]. There is also on-average one fire accident involving
liquid fuel storage tanks every year in China [2]. Another example could be the
fatal incident that happened recently in Lac-Mégantic, QC, Canada on July 6,
2013 [3]. During crude oil transportation, a 74-car train ran into the town and fire
destroyed almost half of the downtown area and left 47 victims.

For domestic instances, 11% of fire accidents that happened in the
province of Alberta in 2012 involved flammable liquid ignition. These resulted in
69 cases of death and injury and 50 million dollars of property losses [4]. In the
same year, 19% of the residential fires in Alberta, Canada were caused by
cooking [4], and the ignition of overheated pots of cooking oil was reported as the
most frequent reason [5]. When cooking oil is heated to a high temperature, it
releases flammable vapors that can be ignited. The lack of understanding of this
phenomenon results in millions of dollars property loss in Alberta alone every

year.



The demand for safe processing and application of flammable liquids has
led the regulating authorities to lay down strict regulations to mitigate fire
disasters. Therefore, fire protection standards and guidelines [6, 7] have been
issued for safe practices in the workplace especially where large quantities of
liquid fuels are produced and refined, such as Alberta. There are also standards
for the development of firefighting systems and evacuation strategies in case of
fires in industrial facilities and commercial and residential buildings [8-10]. It is
clear that the fire protection engineers require reliable prediction of fire processes
in order to develop effective standards to mitigate potentioal fire damage or to
establish cause and responsibility should such events occur.

The need for immediate solutions to the fire threat and the complexity of
the fire problem has led researchers in the fire community to look for practical
engineering solutions for the prediction of fire development and control. Common
fire scenarios encountered with flammable liquids ranging from the industrial and
transportation incidents such as fuel spills and storage tank fires to pan fires can
be classified as pool fires [11]. This class of fire includes the burning of the gases
and vapors emitted from a horizontal layer of flammable liquid [12]. The large
number of studies on both fundamental and practical aspects of this subject during
the past few decades reflects the importance of pool fires to the fire safety
engineering community [13]. This is one of the most basic forms of fuel
combustion often present in accidental fires [14]. Therefore, pool fires have been
investigated analytically, experimentally and recently numerically with each
approach having its own advantages and disadvantages.

In general, analytical models [15, 16] cannot capture the complexity of
these phenomena since they often use one or several simplifying assumptions
such as ignoring some forms of transport phenomena or use of constant flame
temperature or species concentrations. However, these models are still
appreciated as they can estimate the effects of different phenomena and help to
provide general understanding.

Experimental studies were mostly conducted in the past to achieve

realistic solutions. It was shown that pool fires are affected by a large number of



coupled parameters such as pool geometry, fuel type, ambient condition, and etc.
[13, 17]. For example, in the classical work of Blinov and Khudyakov [18], the
rate of fuel burning was measured for different hydrocarbon fuels for a range of
pool diameters. It was reported that the local fuel evaporation rate was maximum
at the center of the pool and decreased toward the wall. This particular finding has
not been universally observed and others [19] have stated that the maximum local
evaporation rate was at the wall and decreased toward the pool center.

The reasons for these different observations have not been extensively
discussed in the literature, but connections have been made to the relative
importance of different mechanisms (i.e., conduction, convection and radiation)
that bring the energy necessary to evaporate the fuel from the flame and
combustion products to the liquid. For example, soot producing fuels, such as
heptane, emit high levels of thermal radiation to become a key pathway of heat
feedback from the flame to the liquid fuel along with convection and conduction
[20]. In general, radiation is seen as the dominant heat transfer mechanism for
highly luminous fires, especially for large-scale pools [12]. Energy radiated to the
fuel surface has been observed to be the highest at the center [21] and is attributed
to creating the maximum local evaporation rate at that location. In contrast, for
small-scale non-luminous pool fires, the heat transfer from the pool’s wall to the
liquid is seen as dominant [17, 19, 22] and results in the highest local evaporation
rate being at the wall. This perspective on the local evaporation rate focuses on
where the energy enters the pool, but does not address any subsequent phenomena
associated with its redistribution within the liquid, which is the topic central to the
current research.

In summary, a significant barrier to developing a comprehensive and
quantitatively relevant phenomenological model of pool fires from experiments is
the large number of coupled parameters involved in establishing the burning of
liquid pools. As a result, numerical modeling of pool fires is often seen as the
more robust tool for predicting the key characteristics of pool fires, especially for

large-scale pools.



However, it is widely recognized that the reliability of numerical model’s
predictions necessarily depends upon the quality and amount of knowledge about
the processes involved. As an instance, in developing numerical models, a key
decision is the establishing of an appropriate region of interest or computational
domain. Some models essentially ignored the liquid phase and only solved the
reacting gas flow for a prescribed fuel mass flow rate being emitted from the pool
surface at their computational boundary [23]. However, this mass flow should be
determined by the requirement that the liquid fuel must evaporate before it burns,
and that energy for evaporation comes from the flame and product gases.
Therefore, the flow of fuel vapor at the inlet boundary is itself a part of the
solution, and some numerical models coupled it to the heat feedback from the
flame to the fuel surface [24]. In this particular case, the solution domain
remained restricted to the gas phase and it was assumed that all the energy
transferred to the liquid was used to create an average evaporation rate without
respecting spatial variations and redistribution within the pool’s depth.

More complete numerical models have been developed including the
liquid phase in the solution domain [25-27]. They determined the rate of fuel
evaporation from liquid-vapor equilibrium at the fuel surface temperature. In
these models, the liquid layer has been treated as a thermally-thick solid with one-
dimensional heat conduction in the direction normal to the liquid surface [25, 26].
Prasad et al. [27-29] modeled the pool fire numerically and applied their
simulation to develop a water mist fire suppression system. They modeled the
liquid phase as columns of liquid traveling only in the direction normal to the
surface at a constant velocity from inlet to the interface as required by the local
surface evaporation rate. They set the velocity component parallel to the interface
equal to zero. The effects of such assumptions on the model must be investigated
when it is used to design a system that is supposed to be reliable in the case of fire
emergency.

In general, there is a lack of information about the liquid phase in pool
fires that has forced modelers to use simplifying assumptions. These assumptions

are sometimes inaccurate or unrealistic, such as using an infinitely deep or a



stationary liquid layer. It is important to assess the assumptions and models used
for the liquid phase. Therefore, a good understanding of the liquid phase
phenomena can improve the quality of the pool fire models by answering to two
main concerns. First is the importance of the liquid side phenomena on the
burning characteristic of pool fires. In other words, it is required to investigate if
excluding the liquid phase from the analysis does not result in inaccuracy. Second
is the process involved in the transport of energy and momentum within the liquid
phase. That is, what are the processes which redistribute energy within the liquid
phase? The liquid evaporation rate as the source of the fuel for pool fire burning is
a coupling of liquid and gas phase phenomena. Investigation of these two specific
subjects is the main objective of this thesis. The findings of the current study may

help to develop more realistic predictive tools for various pool fire scenarios.

1.2 Thesis Objective and Outline

The main objective of this study is to contribute to the overall
understanding of liquid pool fires by investigating the processes involved in the
liquid phase. This study is aimed to characterize the energy transfer to the liquid
pool from the flame and the processes that distribute this energy within the liquid
fuel. It is worth emphasizing that although the results of this research may be
useful for fire safety applications, a fundamental perspective is used here to
understand the transport phenomena within the liquid phase of a laboratory-scale
pool fire.

In the following chapter, Chapter 2, a more formal review of the literature
associated with pool fires is presented to provide the necessary background to the
current work. Then, well-defined and highly controlled experimental setups and
procedures which are applied to advance the understanding of this problem are
described in detail in Chapter 3. The variables of interest in this study are: fuel
burning rate, liquid fuel and pool wall temperatures, flow field within the liquid,
flame structure and heat feedback from the flame and products to the liquid fuel.
Data are acquired under steady-state steady-flow conditions associated with

maintaining the fuel level at the top edge of the pool. Quiescent ambient



conditions and controlled lower fuel boundary temperatures are also imposed
during the experiments. The pool wall materials and depth are changed as test
parameters to investigate their effects on pool fire burning.

The results for measured variables are presented and described in Chapter
4 and the energy transfer processes in the liquid phase are quantified in Chapter 5.
Eventually, a set of conclusions are drawn from the experimental results and their
analysis in Chapter 6, and new ideas and directions are proposed for further
investigation of the problem in the future. The results and analysis of this study
have been also published in [30, 31] and presented in two more journal papers
which are currently under review.

At the end, it should be noted that the laboratory-scale pool fire results
cannot be used directly for large-scale pools which may be more appealing to fire
protection engineers. However, they can provide a solid basis for the
understanding of the physics of the problem since several major characteristics of
pool fires (e.g., the coupling between the liquid and gas phase) are conserved in
laboratory-scale pools. In addition to the findings of this study, the experimental

data presented here can be used for numerical model assessment and justification.



2. Pool Fire Dynamics

2.1 Overview

The ignition of fuel vapor emitted from a horizontal layer of combustible
liquids results in a pool fire. This class of diffusion flames can be either laminar
or turbulent depending on its buoyant interactions with the surroundings and
ambient air motion [13]. In general, pool fires are complex due to the coupling
between numerous parameters of the problem that includes a combination of
combustion, heat and mass transfer, and fluid dynamics in a multi-phase (gas,
liquid, and solid) system.

For example, the liquid fuel burning rate, expressed as the mass loss rate
of fuel or in other word its usual surrogate quantity of fuel evaporation rate from

the pool (#,), requires an analysis of the transport phenomena of the overall

system. The liquid fuel must be evaporated before burning, which requires
energy. The source of this energy is primarily the heat transfer from the flame and
the hot combustion products to the liquid fuel through radiation, convection, and
conduction pathways [20]. To determine the flame heat feedback, in general, flow
and thermal structures of the flame, aerosol (soot) and gaseous product
compositions, and thermal energy generation in the flame are required. The
conduction pathway, which indeed involves convection from the vessel wall into
the liquid [22], requires the temperature field of the solid wall. Transport
phenomena within the liquid phase impose how the energy re-distributes itself
within the liquid phase and how much of the received energy will be available for
the fuel evaporation. Remembering that the rate of thermal energy generation in
the flame itself is a strong function of the burning rate, #,, the associated
complexity of the system can be realized in a highly coupled problem. In
summary, in order to have reasonably accurate estimations of pool fire

characteristics, e.g., burning rate, the overall system should be considered.



The practical and fundamental aspects of pool fire behavior have been the
subject of a considerable amount of research since the 1950s. Some of the pool
fire studies up to the 1990s were summarized in Refs. [13, 21, 32]. The interesting
characteristics of pool fires included flame structure, the entrainment of air,
pulsation frequency, soot formation, flame spread rate, effects of cross-flow air,
flame heat feedback, flame radiation and mass burning rate of fuel. In this chapter

a brief review of the abundant research on pool fires is presented.

2.2 Burning of Fuels

Fire involves chemical reaction between combustible species and oxygen.
The combustion reaction is exothermic and releases thermal energy. The emitted
gaseous species are known generally as products. A global description of this
reaction can be expressed as:

Fuel + Oxygen — Products + Thermal Energy (2.1)
The fuel must mix with oxygen in order to be combusted, so the fuel must be in
the form of a gas or vapor. The burning of gaseous fuel is usually partitioned into
two different flame regimes: premix and diffusion flames. In the premixed regime
fuel and oxygen mix together and then this mixture burns in a flame (i.e., a
thermal/chemical structure embedded in the fluid where the exothermic reaction
occurs). In a diffusion flame, fuel and oxygen are initially separate and they mix
together through entrainment and diffusion, and burn in the spatial region where
the fuel/oxygen (or air) is within the mixture flammability limits [12].

Zabetakis [33] performed an extensive investigation on the flammability
of the gas and vapor fuels. According to [33] for methanol (vaporized), which is
the fuel used in this study, the lower (lean) flammability limit is 6.7% and the
upper (rich) flammability limit is 36%, which are the minimum and maximum
volumetric concentrations of the fuel vapor in a flammable fuel/air mixture (i.e.,
the ratio of the volume of the fuel in the total volume of mixture) . That is, below
and above these limits the fuel/air mixture is non-flammable. Of course the
mentioned values are subject to change depending on temperature and pressure,

however further discussion on this subject is not in scope of this study (because



ambient temperature and pressure are constant) and readers are referred to [34] for
more information.

For premixed flames the mass flow rate of the gas fuel and air oxygen can
be set to insure that the fuel/air mixture is within the flammability limits. In
contrast, in diffusion flames, the rates that the fuel and air are transported from
independent sources are not the same throughout the reacting zone and depend on
numerous parameters such as air entrainment, environment, fuel type, and fuel
flow rate. In the region near the fuel inlet, which is rich in fuel, the fuel
concentration is above upper flammability limit. In the region near the air inlet,
which is rich in oxygen, the fuel concentration is below the lower flammability
limit. The combustion can only be initiated in the middle of these two
aforementioned regions, which is called the flammable region. Once ignited,
diffusion flames locate themselves spatially where they have access to the
required rates of fuel and oxygen to sustain combustion.

However, there is a gradient in the fuel and oxygen concentrations within
the flammable region and the reaction may be different spatially. There is a
specific fuel/air mixture composition within the flammability limit known as
stoichiometric mixture at which both the fuel and oxygen are completely
consumed by combustion [34]. For methanol, the stoichiometric mixture
corresponds to 12.24% volumetric concentration of vaporized methanol in the
fuel/air mixture [34]. When combustion is complete (i.e., burning of
stoichiometric fuel/air mixture) the products in Eq. (2.1) only contain carbon
dioxide and water vapor. If the fuel concentration is above the stoichiometric
mixture (e.g., for the case of methanol, when the vaporized fuel concentration in
fuel/air mixture is between 12.24% and 36%), the mixture is called fuel-rich. In
this case, the oxygen rate is sufficient for fuel burning but not for complete
combustion. As a result, there is some unburned fuel in the products. At the
opposite side of the stoichiometric mixture (e.g., when the vaporized methanol
concentration in fuel/air mixture is between 6.7% and 12.24%) the oxygen rate is
more than that required for the complete combustion. This region is called fuel-

lean where unburned oxygen can be found in the combustion products.



In the diffusion flames of gaseous fuel, the fuel flow rate is an independent
parameter from combustion and can be controlled directly (e.g., jet fires).
However, for burning of liquid and solid fuels, the rate of fuel vaporization from
the fuel bed that supplies the fuel for combustion is related to the heat feedback
from the flame. That is, under a certain burning condition a specific rate of
gasified fuel is emitted from the fuel surface and it only changes if the energy
received by the fuel surface is altered. Therefore, the volatility and enthalpy of
vaporization of the liquid fuel are the key characteristics when it burns. As a
result, fire protection engineers assess the associated risks of liquid fuels from
their ability to supply fuel vapor.

Liquid fuels are classified according to their flashpoint defined as the
lowest temperature at which the fuel vapor concentration above the liquid surface
is within the flammability fuel/air mixture limit [8]. The mole fraction of the fuel
above an evaporating fuel surface can be determined from the fuel

vapor, x

fuel 9

vapor partial pressure r,, as:

x o L (2.2)

fuel
P

where P is total pressure. At equilibrium, the vapor partial pressure at the surface

of a liquid fuel bed at temperature 7,, can be determined from the Clausius—

Clapeyron relationship as [27]:

LAl 1 1!
P, =P oo |- = — I (2.3)
T/iml TO

where A is the heat of evaporation, R is the gas constant, and 7, is the fuel
saturation temperature at pressure p,. When the liquid fuel is cold, the vaporized
fuel concentration is not enough to form a flammable mixture above the liquid
surface. The fuel volumetric fraction increases as the fuel temperature increases,
and the temperature at which it becomes sufficient to compose a flammable
fuel/air mixture is known as the flashpoint.

The lower the liquid flashpoint with respect to the ambient temperature,

the greater is the fuel volatility and the higher is its flammability. A flashpoint of
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~11°C and a boiling point of ~64.5°C [35], put methanol in the Class IB of
flammable liquids category which includes the second most hazardous liquids
according to the National Fire Protection Association [8]. Liquids with a
flashpoint lower than the ambient temperature (i.e., surroundings) are potentially
dangerous, because they can be ignited by providing a small amount of energy

(~few mJ) known as ignition (spark) energy to the flammable fuel/air mixture

[12].

2.2.1 Combustion and Heat Release
When vaporized methanol is burning with air in a stoichiometric mixture
the single step combustion reaction is:
CH30H + 1.5 0,+5.67 N; — CO, + HyO(y) + 5.67 N» 2.4)
As aforementioned, the products of the complete combustion of a stoichiometric
mixture are water vapor and carbon dioxide (from an energy perspective nitrogen
is considered completely inert). This exothermic reaction generates thermal
energy, which when expressed as a rate is often called “heat release rate”,o.
(kW). Within the fire protection engineering community this parameter is seen as
the most important variable [36] as it determines the severity of the fire hazards
[37]. Thus, one of the main objectives in fire studies is to determine the fire heat
release rate, and different methods have been used to do so.
The heat release rate per unit volume in the reacting zone can be

determined from chemical kinetics as:
) N

0r=3 hwe, (2.5)
i=1

where W; (g/mol) is the molecular weight, 4; (kJ/g) is the specific enthalpy of ith
species, N is the total number of species involved in combustion and o,
(mol/(m’s)) is the rate of production/consumption of ith species in combustion
process.

In order to have an accurate estimation from Eq. (2.5), it is necessary to
know how fuels react with oxygen when they combust. Although the combustion

of fuels is commonly expressed as a single-step reaction such as Eq. (2.4), the fuel
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does not oxidize in a single-step reaction, and burning in reality involves a set of
elementary reactions and species. The burning of methanol, for example, involves
326 elementary steps and 52 species [38]. Smooke [39] used a 78-reaction and 26-
species mechanism for modeling of a methane diffusion flame.

The combustion mechanism is a set of K chemical reactions which

generally can be expressed as [34]:
N N
SviM, o Y viM, (2.6)
i=1 i=1
where M; represents the chemical symbol for species i, v and v’ are the
coefficients for species i when it appears as a reactant and product, respectively.
The symbol < is indicating that the chemical reactions, in general, occur in both

forward and reverse directions. The production rate of species i, ,, can be

determined for the set of K reactions as [39]:

K [ N Vi N Vi

W, wo) o

where Y; is the mass fraction of species i, k/ and «/ are the specific-rate constants

i=1

for forward and reverse jth reaction expressed as [34]:

k=47 exp (7E/./RT) (2.8)
where for any reaction, AT’ is the collision frequency and the exponential term is
the fractions of collisions that have energy level greater than the activation energy
E (kJ/mol). A list of 4 , b, and E for a wide range of reactions can be found in
[40].

The chemical kinetics approach is mostly used in numerical models, and
in order to have an accurate estimation, all the reactions and species in addition to
soot formation models should be taken into account, which often takes hundreds
of hours of calculation time [39]. Therefore, several studies investigated reduced
mechanisms that can be used for practical computations. For example, the
detailed mechanism of 326 reactions for methanol burning was reduced to 19-step
[38], five-step [41] and single-step [42, 43] mechanisms. The approach in these
works was to empirically find the best coefficients of Eq. (2.8) for those limited

12



number of reactions to make the set a reasonable representation of the detailed
mechanism.
Assuming complete combustion, the ideal heat release can be determined

with having the fuel flow rate and heat of combustion as:
O, =m,AH, (2.9)
where n, (g/s) is the burning rate (or mass flow rate of fuel) andan _(kJ/g) is the

heat of combustion. In pool fire studies, the heat release rate and burning rate are

typically expressed per unit area of the pool in kW/m? and g/(m’s), respectively.
The actual fire heat release rate, ¢,, was measured directly with a

calorimetry technique [37, 44-48] and was related to the ideal value by using a

coefficient known as combustion efficiency, ,, (< 1). This quantity accounts for

the incompleteness of combustion in diffusion flames [37]. Thus,
0,=1,0. (2.10)

Combustion efficiency is related to the fire tendency to produce soot. In
the case of complete combustion stable gaseous products (e.g., water vapor and
carbon dioxide) are generated. However, in most pool fires, especially burning of
hydrocarbon fuels (e.g., heptane) in diffusion flame, in the regions that oxygen
concentration is low the combustion of the gasified fuel forms unsaturated
molecular species (radicals). These radicals undergo several reactions and convert
into soot particles [49]. The existences of these soot particles that radiate energy
in a diffusion flame results in its yellow color. The soot particles have a size of
10-100 nm and after production may burn in the flame, but when they escape the
high temperature flame region, they come together and form chains and clusters
of an overall size of 1 um [12] that eventually become smoke.

The minimum distance from the liquid fuel surface upward to the point at
which smoke is first generated is known as the fuel smoke point [50]. This

quantity is used to assess the completeness of combustion, ,, . A large value for

the smoke point means the combustion is complete and its efficiency is close to
unity [50]. For methanol, the smoke point has not been measured accurately but it

is expected to be extremely large [21]. The translucent blue color of the non-
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luminous flame generated by methanol pool fire depicts very low tendency of
methanol to generate soot. Therefore, the combustion efficiency for methanol
pool fires is usually taken as unity [21]. On the other hand, for soot-producing
combustibles, the smoke point is smaller. The smoke point for liquid PMMA
(polymethyl methacrylate) is ~0.11 m [50], meaning 11 cm above the combustible
bed the smoke first appears. This gives PMMA pool fire a combustion efficiency
of 0.85 [51].

2.2.2 Diffusion Flames

A diffusion flame can be established over the vaporizing combustible
liquid in pool fires. Diffusion flames can be classified as jet flames or buoyancy
(natural) flames, and the Froude number (Fr) may be used as a criterion of
classification defined as:

Fro=U[a (2.11)
where U (m/s) is the characteristic fuel velocity, d (m) is the characteristic length
scale of the burner (diameter), and g (m/s?) is the gravitational acceleration. That
is, the type of fire is determined based on the relative importance of momentum to
buoyancy effects.

For gaseous fuels the characteristic velocity, U, is equal to the gas average
velocity at the fuel inlet, gas jet velocity. When the fuel flow rate is low and
Reynolds number at the origin is less than ~2000 ( which is equivalent to 1 < Fr
<10%), the resulting jet flame is laminar [12]. Turbulence starts to initiate at the tip
of the flame as the flow rate increases until the jet flame becomes fully turbulent
at a nozzle Reynolds number significantly greater than 2000 [52] and when Fr >
10° [12].

The burning of condensed fuels (solids and liquids), on the other hand,
involves buoyant flame (natural fire) which is dominated by buoyancy and the
momentum of the fuel vapor from the surface is relatively small (Fr < 1). The
degree of flame turbulence for this type of fires is determined by the diameter
(characteristic dimension), d, of the fuel bed (in this case pool diameter). In pool

fires, if d < 0.1 m, the flame will be laminar also known as small-scale pool fire,
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the flame transition to turbulent occurs within 0.1 < d < 1 m, which is called the
medium-scale pool fire regime, and for d > 1 m the buoyant diffusion flame is
fully turbulent classified as large-scale pool fires [17, 18].

As for buoyancy flames above liquid and solid fuels, the initial velocity of
the fuel vapor is unknown and is dependent on fire heat release (and portion
thereof that vaporizes the fuel), the Fr number is usually modified in fire studies
based on the velocity derived as

U - m 2.12)

Substituting U from Eq. (2.12) into the Fr number definition shows that Fr is

proportional to Q0 ° / d’ . For pool fire studies, a more common dimensionless

number of ¢ “was introduced in [53] as:

= 0 (2.13)
pwcpdequgd '

0" is commonly used for fire classification, models, and correlations [54]. The

o

turbulent pool fires are associated to the case when 0~ <1 [55].

The buoyancy-driven (natural) fires sometimes have been studied using
porous bed gas burners [53, 56, 57]. For research purposes, these burners have an
advantage over fires involving combustible solids or liquids. The fuel flow rate,
which is related to the heat feedback from the flame in natural fires, becomes an
independent variable when porous bed gas burners are used. Low gas fuel initial
momentums were prescribed in these burners to establish purely buoyant
diffusion flames. However, these burners cannot simulate the interaction between
the flame and the liquid fuel or the characteristics of the region just above the

liquid surface [14].
2.3 Burning Characteristics of Pool Fires

Pool fires mainly involve two interactive phases: the flammable liquid

(liquid phase) and the fire plume (gas phase). As it will be explained in Sec. 2.4,
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for small pool fires, energy transfer through the confining wall is also important,
which adds another phase (solid phase) to the problem.

Each individual phase of pool fires and its interactions with the others
have been investigated in the literature through controlling parameters such as
pool diameter [58]. The main pool fire characteristics in those studies are: heat
release rate, fuel burning rate, flame height, flame temperature and velocity, air
entrainment, reactant and product concentrations, soot (smoke) production rate,
flame radiation and heat feedback. In this section, those characteristics that are
most relevant to the current study or help general understanding of the problem

are discussed.

2.3.1 Flame Features

The pool flame is strongly influenced by buoyancy effects [14]. The fire
plume structure is usually divided into three regions as shown in Fig. 2.1 [59].
The first zone, immediately above the liquid fuel surface, is the “Persistent Flame
Zone”. This zone involves a flame envelope around a central region that is rich in
fuel vapor. The combustion reaction mostly occurs at the outer boundaries of this
zone where enough oxygen exists to make a flammable mixture. This zone has a
rather constant conical shape.

Second is the “Intermittent Zone” where the fire instability and turbulence
occurs. Therefore, this part of the fire structure may also be called the “Pulsation
Zone”. Chemical reactions are still important in this region especially at the
beginning of this zone where the amount of diffused fuel vapor could be within
the flammability limits and the combustion is more probable (shown as
flammable volume in Fig. 2.1). However, as the fuel diffuses away from the pool
surface it burns and the combustion probability decreases. It should be noted that
the visible fire that is commonly known as the visible flame contains these two

regions (i.e., persistent flame and intermittent zones) [60] as shown in Fig. 2.1.
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Fig. 2.1 Schematic diagram of different zones of the pool fire structure

For methane buoyant diffusion flames above a 0.3 m square porous
burner, a combustion intensity map was presented in [61]. It was shown in [61]
that the combustion may occur in the persistent flame and the intermittent zones,
and it was most probable (presented more than 50% of the time) in the persistent
flame zone especially near the edge of the burner where a large mass flow rate of
ambient air could entrain into the reacting zone [14]. The findings were in
agreement with [62] that proposed the same result from temperature and
concentration measurements above a 0.15 m diameter kerosene pool fire. Due to
the low combustion probability in the central area of the persistent flame zone a
fuel-rich region was observed immediately above the central area of the pool.

The last region is a non-reacting buoyant plume known as the “Plume
Zone”. This region is mostly turbulent where the hot combustion products move
upward as a result of buoyancy forces. The study of this zone is mostly of interest
for safety engineers for fire detection, building evacuation, and control of fire
toxicity and smoke movement.

A schematic illustration of the fire typically established over the liquid

pool is shown in Fig. 2.2. Volatiles from the liquid pool mix with surrounding air
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and burn in the reacting zones (i.e., persistent flame and intermittent) when the
local temperature and species concentrations are appropriate. The temperature of
the gases increases by combustion heat generation. Then, due to the buoyancy
forces, the hot gases rise with respect to their surroundings and generate a buoyant
plume. The upward buoyant flow is resisted by viscous stress within the stagnant
atmosphere. The ratio of buoyancy to viscous forces can be expressed by the
Grashof number, Gr [63]. Due to the conservation of mass, the vertical flow of
the gases in the fire plume causes air to be entrained from the surroundings
inward [53, 56, 64]. The dashed lines, in Fig. 2.2a, show the boundary between
the buoyant flow and the still surroundings. The mean flow profile within the
region that contains buoyant flow of combustion products and entrained air is also

apparent in Fig. 2.2a.
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Fig. 2.2 Schematic diagrams of (a) fire structure and the qualitative upward
variations of (b) mean temperature and vertical velocity and (c) mean species
concentration along the flame centerline; this figure was derived based on

information in [24, 29, 65-73]
The qualitative trends of mean velocity, temperature and species

concentration variations on the centerline in respect to the vertical location are

presented in Fig. 2.2, which are based on the data from the literature [24, 29, 65-
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74]. Moving upward from the fuel surface, immediately above the liquid-gas
interface is a region rich in fuel and due to the heat that comes from combustion,
the temperature rises from the interface upwards. In the persistent flame zone, fuel
and oxygen are consumed in combustion and products are generated. Thus, the
gas temperature reaches a maximum value and remains almost constant to the end
of this zone. It is important to note that the air entrainment constantly cools down
the gases [13] and convects part of the combustion heat release upwards [75] (a
description of pool fire heat transfer is presented in Sec. 2.4). Koseki [73]
measured the gas maximum temperature in heptane pool fires of different
diameters and showed that it increases as the pool get larger. The high
temperature of the flame zone makes the gases accelerate in the flame zone, Gr >
1.

In the intermittent zone, the combustion probability reduces, so less heat is
generated in this region and as a result of cool air entrainment, the temperature
starts to decay. Therefore, the buoyancy and viscous forces become almost the
same magnitude, Gr = 1, and the velocity remains constant at its maximum value
within this zone. Lowered reaction probability in the intermittent zone causes a
decrease in the product generation and oxygen consumption. Consequently, the
product concentration decreases while the oxygen concentration increases.

In the non-reacting plume zone, the temperature decreases even faster due
to the entrainment of cool air from the surroundings. The buoyancy forces
decrease to lower than the viscous drag, which eventually results in a decrease of
the vertical velocity. Product concentration decreases with elevation since more
air entrains from the surrounding atmosphere to the fire plume progressively [76].
As a result of fresh air entrainment, the plume volume increases (shown in Fig.
2.2a), the products are diluted [75] and the oxygen concentration rises upwards.

Two-dimensional distributions of parameters presented in Fig. 2.2 can be
found in [27, 28, 62, 70, 74, 77]. Fig. 2.3 shows the radial distributions of
temperature and velocity, Fig. 2.3a, and different species concentration, Fig. 2.3b,
in the persistent flame zone. This zone includes a central fuel-rich area in the

middle and as a result of the combustion near the edge of the burner [61] the fuel
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concentration drops in the flame sheet [24] where the temperature is maximum
[78-80]. The air is entrained from the surroundings radially inward and as it
passes through the flame sheet the oxygen is consumed by the reaction. The radial
distribution of the products (H;O and CO,) in the persistent flame zone is
apparent in Fig. 2.3b [68]. The combustion products are generated in the flame

sheet and advected by entrained flow mostly into the fire plume.

Oxygen

Fig. 2.3 (a) Qualitative radial mean temperature and vertical velocity variations
and (b) radial mean species concentration variations within the persistent flame

zone

The radial distribution of vertical velocity in the persistent flame zone is
shown in Fig. 2.3a according to the data presented in [65]. However, at the base
of the fire plume near the liquid fuel surface, the flow distribution is more
complicated. On the fuel-rich side of the flame, the buoyancy is not large enough
to counter the viscous effect of entrained flow through the flame sheet and a
vortical structure is generated [62]. Venkatesh et al. [79] performed flow
visualization in the base of pool fires and they confirmed the existence of the
recirculating structures within the central region of the flame zone immediately
above the fuel surface. The vortex generated by the entrained flow was directed
inward at the top and outward at the lower part. Therefore, at the base of the
flame, the vertical velocity profile is different from the one shown in Fig. 2.3a.
The vertical velocity increases radially from the center to a maximum value (at

the flame sheet location) and then deceases with radius [68].
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In the plume zone, profiles of temperature, velocity and product
concentration are Gaussian [75] as depicted in Fig. 2.4 [66]. No fuel remains in
this region, so no reaction occurs, and as a result of air entrainment oxygen

diffuses through the plume gases.

Fig. 2.4 Qualitative radial mean temperature and vertical velocity variations and

(b) radial species concentration variations within the plume zone

Another feature of pool fires (similar to other natural fires) is that the
visible flame fluctuates (fire puffing). For diffusion flame, the oscillations take
place when the velocity at the fuel exit is above a certain velocity known as
critical velocity (pool fires are classified based on their diameter). Below this the
critical fuel velocity (diameter) the flame is laminar and flame puffing was not
observed [81]. These flame oscillations interact with the air entrainment into the
flame and its mixing with fuel [82], so the fire puffing has been studied by many
researchers [83].

Initially it was believed that the puffing is a combustion-related
phenomenon and involves the flame expansion to entrain required oxygen to burn
the volatiles [83]. The existence of this oscillatory behavior in non-reacting
buoyant plumes [84] and flow visualization of the flame [82] revealed that the
flame puffing is a result of the fluid dynamics not the accessibility of the air for
combustion. The mechanism of puffing was described and illustrated in [82, 83]
as the buoyancy of combustion gases (or initial momentum in case of jet flame) in

stagnant surroundings generating large toroidal vortices around the fuel base.
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These vortical structures were noted in [85] and observed in [86]. The vortex
moves upward and leaves a low pressure region behind itself that is filled with
combustion gases. As a result, the flame sheet forms a convex upward bulge and
is pulled up by the vortex. As the bulge rises, accumulation and acceleration of
the buoyant gases inside the flame envelope forms another vortex at the flame
base. The second vortex stretches the bulge by pushing the lower part of it
radially outward and at the same time pushes the bulge vertically upward. The
vortical structures shed (laterally expand) as a result of combustion completion
when they travel along the fire plume [82].

There is large amount of research that has characterized the puffing
frequency. A summary of these studies and puffing frequency correlations can be
found in [81, 83, 87, 88]. It was shown that the puffing frequency was almost
independent from the fuel type and flame heat release rate while it decreased with
the pool diameter. The frequency was found to be proportional to d 12 (d is pool
diameter) over the range of 10> m<d < 10* m.

The flame pulsation may affect the heat transfer to the liquid pool and
subsequently the burning rate (the relationship of burning rate to heat transfer is
explained in Sec. 2.4). The flame instabilities can be removed by introducing a
coaxial air jet around the burner (air co-flow) which pushes the vortical structures

upward from the flame base [89].

2.3.2 Flame Height

In a diffusion flame, the location of the flame is limited by the amount of
oxygen that is accessible for combustion. Air is entrained from the surroundings
through the flame boundary and oxygen mixes with the fuel in the flame sheet.
The vertical size of the flame, /; is an indication of the required time (or length of
flame) for complete combustion [12]. That is, when the flame height is /; and v 1s

the characteristic vertical velocity of the volatiles, in the time interval of =/, /u

sufficient air is entrained through the plume boundaries to burn all the fuel issued

from the burner [90].
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The interpretation of the flame height requires the understanding of the
mass transfer to the mixing process of the flame. This mixing in diffusion flames
may occur in two ways: molecular diffusion and eddy diffusion (turbulent
mixing) [52]. In laminar flames, the mixing is by molecular diffusion which is
relatively slow. Therefore, an increase of fuel flow rate to the flame increases the
size of the flame needed to provide the required time for sufficient oxygen to be
diffused for complete combustion. In the case of a laminar jet flame, this happens
as the gas fuel exit velocity increases and for buoyant flames (natural fires) it is
associated with any effect that increases the fuel evaporation (e.g., an increase in
the fuel diameter or fire heat release).

Above a certain fuel jet velocity or pool diameter (d > 0.1 for pool fires
[17]), indications of turbulence begin at the tip of the flame. The location along
the flame where the flame turbulence starts is called the breakdown point [52].
The mixing process in the turbulent region mostly occurs by eddy diffusion which
1s more efficient than molecular diffusion. As a result, the formation of turbulence
near the tip of the flame causes its height to decrease (less time is required for
mixing). With an increase in the flow rate (or evaporation rate in natural fires),
during the transition region, the breakdown point moves downward to the fuel
inlet (never reaching the inlet though [12]) and a progressively larger portion of
the flame becomes turbulent. Therefore, more eddy-mixing occurs instead of
molecular diffusion mixing and the flame is shortened until the whole flame
becomes turbulent (fully turbulent flame). In the fully turbulent regime (nozzle
Reynolds number larger than 2000 for jet fires [52]) the flame height remains
almost constant in response to the fuel flow rate increase and instead more eddies
are generated [52].

The pool fire flame height is usually reported as a value normalized with

the burner diameter, /, /d [17, 18, 73]. The variation of the normalized flame

height for a heptane pool fire was presented with respect to the burner diameter in

[73] where 1, /a increases with diameter to = 1 m and then it decreases. Blinov

and Khudiakov [18] showed that the normalized flame height decreased with pool

diameter and then remained constant for d > 3 m.
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The size of the flame is also important for fire protection engineers as
flame radiation, known as the most destructive characteristic of fires (ignition of
the external objects depends on the received radiation from the flame), is related
to the flame size. Thus, a large number of investigations have tried to characterize
the flame height. This variable is usually measured as the distance from the burner
exit to the tip of visible flame [57, 91-96]. This visible flame containing the
combustion reactions [75] was commonly measured by photography or video
recording of the fire in a darkened environment and against a black background.
The reported results were based on different definition though. While most of the
mentioned studies reported the time-averaged values, Zukoski et al. [94] applied a
new definition based on the flame intermittency (the fraction of time that at least
part of the flame lies above a certain elevation). Fig. 2.5 shows the variation of the
flame intermittency with the elevation. The flame intermittency is one in the
flame zone and it decreases upwards in the intermittent region to zero in the non-
reacting plume zone. The flame height was defined as the distance from the fire
source to the elevation where the flame intermittency declined to 0.5. That is, the
length the flame is maintained for more than 50% of the time during the steady
burning period. This definition gave visible flame heights 10-15% smaller than
the ones obtained from averaging [94].

Another definition for flame height was presented in [97] as the elevation
where the centerline gas temperature reaches a maximum. As mentioned in Sec
2.3.1 the radial temperature distributions in the flame zone showed that the
maximum temperature is at the flame sheet location. The lateral distance of the
flame sheet from the axis decreases upward forming a conical combustion zone
from the pool rim at the base to a point where the flame sheet reaches to the axis.
The vertical distance from the pool surface to this point at which sufficient

oxygen could diffuse for combustion was called the combustion zone height [97].
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Fig. 2.5 Flame intermittency as a function of vertical distance above the fuel

source and definition of mean flame height [94]

Functional relationships were presented in the literature to predict the
flame height based on experimental data [57, 90, 92-94] or analytical models [69,
91, 95-98]. These correlations mostly related /, /4 (the ratio of the flame height

to the burner diameter) to Fr, 0 and another non-dimensional group known as
the combustion number [95]:
e T, )2
v @i
where r is the fuel/air stoichiometric mass ratio. Some of the flame height
correlations are listed in Table 2.1.
McCaffrey [54] summarized the correlations for the normalized flame
height as shown in Fig. 2.6 [75]. From Fig. 2.6, it is apparent that the flame
height, in general, depends strongly on the burner diameter and the heat release

rate but this dependency is not the same over the range of variables shown in the

figure. It should be noted that ¢*° " ~10 is equivalent to Fr = 1, so on right side
of the graph, the flame is momentum dominant (jet flame) while the left side

belongs to buoyancy dominant flames (e.g., pool fires).
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Table 2.1 Selected correlations of the flame height presented in the literature

Ref. Correlation
[57] 1,/a1:15.1Q'*2 0.13 <0 <0.28 (2.15)
l_/,/d:3.2Q*2 0.28 <O <0.55 (2.16)
[65] I, = 020" 2.17)
[92] 1 jd-206"" (2.18)
[94] 1, Jd = 3.3Q~*2/3 0" <1 (2.19)
l/./d:3.2Q*2/5 0" =21 (2.20)
[95] log (21, /d)=0.210g N +1.21 (2.21)
[97] I Jd =038+ 2.15)F (2.22)°
I,/d =15.5(1+0.095 )Fr 2/s (2.23)
[98] 1, Jd=15.6N" -1.02 (2.24)

2 [, is combustion zone height

For turbulent jet flames, /;is independent from ¢~ (which is an indication

of fuel flow rate) so ¢ " is not an appropriate scaling factor for this regime [55].

In the middle is the region where the flame is mostly laminar and the relationship
between /, /4 and 6" is seen as a 45-degree line in Fig. 2.6 [54]. And finally

are the turbulent buoyant flames (natural fires) that have heights of the same order

of magnitude as the fire base diameter. According to [94] the dependence of the

flame height on the source diameter and heat release rate changes at 0" =1.
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Fig. 2.6 Correlations for normalized diffusion flame height summarized by

McCaffrey [54]. The numbers are 1: [57], 2: [91], 3: [92], 4: [93], 5: [94], 6: [95],
7:[96], and 8:[98]

2.3.3 Burning Rate
The pool burning rate is the rate at which the liquid fuel evaporates at the
pool surface or in other words the rate that volatiles are issued from the liquid

fuel. The burning rate is usually reported as fuel mass loss rate, =, (g/s) [99], or

per unit area of the pool as fuel mass flux, m; =m,/4, (g/(mzs)) [58] or as the

average rate of fall of the liquid surface, regression rate, defined as = = n} /p,
(mm/min) [18].

According to the literature [12, 17, 18, 100, 101], the mass burning rate
can be determined from the conservation of energy at the fuel interface as:

Qfs -9,
AH

i (2.25)

b

where 0, (kW) is the heat transfer from the flame to the fuel surface, ¢, (kW) is

the heat that is lost from the pool surface to the bulk of the liquid fuel underneath,
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and an  (kJ/g) is the heat of evaporation. ¢, is a portion of the total heat

released from the combustion that made its way to the fuel source (this parameter
will be described in more detail in Sec. 2.4), so burning rate is strongly dependent
on the flame heat release rate.

In general, any parameter that affects terms on the right side of Eq. (2.25)
can influence the burning rate. One of the most considered parameters of the pool
is its diameter. The classic study of Blinove and Khudiakov [18] reported the
regression rate of hydrocarbon pool fires over a wide range of diameters from 4
mm to 22.9 m. The experimental data of [18] was analyzed and compiled by
Hottel [17] and the results were presented to illustrate the effects of the pool
diameter on the burning rate. According to [17], in small-scale pools (4 < 0.1 m)
the regression rate decreased with increasing pool diameter, then it increased in
the medium pool regime (0.1 m <d < 1 m) and finally remained almost constant
for large pools (d > 1 m). The constant value for large pools is usually known as

the burning rate of an infinitely large pool, 5" [102]. Several studies showed a

slight decrease in regression rate for very large pools (d > 10 m), which was
related to incompletion of combustion and presence of smoke [58].
The burning rate also depends greatly on the fuel type. The variation of

m"  with thermochemical properties of different fuels is illustrated in Fig. 2.7
(adapted from [102]). As it is apparent ="  increases with the ratio of fuel heat
of combustion,a# _, to the heat of evaporation, ax . That is, in general those

fuels with lower heat of evaporation and those that generate more heat have
higher burning rates [103]. The reason can be explained by the coupling between
the fuel evaporation as the source of volatiles for combustion and flame heat
release as the source of energy for sustaining the fuel evaporation.

The change in burning rate of different liquid fuels with pool diameter is
not the same. Burgess et al. [104] measured the regression rate of different fuels
burnt in pool fires with diameters in the range of 0.07-2.4 m (mostly excluding the
small-scale pool regime). The results suggested that while the trend was similar

the burning rate increased with pool diameter differently depending on the fuel
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type. While the burning rate of butane increased dramatically with diameter, this
increase was relatively trivial in the case of methanol. The same was observed by
Babrauskas [105] who compared the effect of the diameter on the mass flux of
gasoline and methanol. The reason for such a variation is in the heat transfer

mechanisms from the flame to the pool (this is explained in Sec. 2.4).
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Fig. 2.7 Burning rate of very large pool fires with respect to thermochemical

properties of fuels [102]

One of the parameters measured in this thesis is the pool fire burning rate,
so a review of measurement techniques utilized by previous researchers is
presented here. A list of selected works that measured the burning rate is shown in
Table 2.2. Their fuels, pool geometries and pool dimensions are also included.
The burning rate measurements can be divided into two major groups: ones that
maintained the fuel surface at a constant level within the pool during the tests
(steady) and those which burnt down a quantity of the liquid fuel in the pool
without any control over the liquid level (unsteady). As presented in Table 2.2
both steady and unsteady pool fires have received great attention from
researchers. While the analysis of the fire development and extinction could be

conducted through the unsteady burning conditions which were more similar to
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the real fire scenario, systematic data was usually reported in the literature for the

steady-state burning condition.

Table 2.2 List of the selected experimental studies on pool fire burning rate

Ref.  Test condition Fuel Geometry Dimension (m)
[18] Steady Gasoline Circular pool 0.004-30
Kerosene
Diesel oil
Solar oil
[19] Steady Methanol Circular pool 0.01-0.06
[67] Unsteady Methanol Circular pool 1.22-2.44
Heptane
[70] Unsteady Heptane Square pool 2.7
[73] Unsteady Heptane Circular pool 3-50
Toluene Square pool 2.7
Kerosene
Gasoline
[100]  Unsteady Heptane Circular pool 0.05
Kerosene
Methanol
[101]  Unknown Methanol Circular pool 0.31-1.8
[103]  Steady Toluene Circular pool 0.1-2
Heptane
JP-8
Methanol
Ethanol
[104]  Steady Hexane Circular pool 0.07-2.4
Butane
Benzene
Xylene
Methanol
[106]  Steady Methanol Circular pool 0.01-0.115
[107]  Steady Methanol/Toluene Circular pool 0.3-1.22
[108]  Steady Methanol Circular pool 0.3
Kerosene
[109]  Steady Methanol Circular pool 0.25-0.38
Ethanol
[110]  Steady Kerosene Circular pool 0.15
[111]  Unsteady Heptane Circular pool 0.3-6
[112]  Unsteady Toluene Circular pool 1
Kerosene
[113]  Steady Methanol Circular pool 0.046-1
Ethanol
Heptane
Toluene
[114]  Steady Methanol Rectangular pool  0.075-0.3
[115]  Unsteady Gasoline Circular pool 1.5-4
Diesel oil
[116]  Steady Hex-11 Circular pool 0.3
Unsteady Hex-12
Jet-A
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Under unsteady testing conditions, the burning rate is not constant and can
increase or decrease with time during the test period. This parameter is usually
measured from the fuel surface regression rate [70, 73, 111, 112, 116] or
weighing the pool [67, 100, 115] as the fuel is burning. Hayasaka [100] measured
the burning rate, liquid and pool temperatures (at a single point) when the fuel
level in the pool was not controlled. It was shown that after ignition the liquid
fuel and the pool were heated up and burning rate increased and then became
relatively constant at its “preheating” value. After a jump in the burning rate from
the preheating value in the transition stage, boiling was observed in the liquid
fuel. As a result, the liquid pool temperature remained constant and the burning
rate reached and maintained a maximum value (called the boiling value) until it
suddenly dropped as the fuel completely burnt out. The same trend was observed
in [117] for a 0.2 m diameter n-heptane pool fire. Hayasaka [100] reported 60%
and 30% increase in the burning rate of heptane and kerosene, respectively, from
preheating to boiling stage while the burning rate was almost the same for a
methanol pool fire after the warm up stage.

Different trends from those shown in [100] were presented by [116] for
the unsteady regression rate of jet-A and hex-12 (these fuels are mixtures of
different liquid fuels and their compositions can be found in [116]) with time. It
was observed that in the preheating stage the regression rate increased to a
maximum and then it decayed and finally remained constant for a while before it
dropped rapidly upon the fuel burn out. It can be concluded based on [100, 116]
that the variations of the burning rate with time under unsteady conditions also
depends on the fuel type.

The steady burning rate includes monitoring the level of the liquid fuel in
the pool and adding the fuel to the pool accordingly to cover the fuel mass loss
due to the surface evaporation at the base of the fire. Therefore, the supply flow
rate to the burner was usually considered as the steady state burning rate. The fuel
level was monitored either by the use of level sensors [116] or through axillary

variables such as: static pressure of the liquid layer [103, 107, 114] and the
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temperature difference of the liquid and gas phases at different sides of the fuel
surface [104, 113, 118, 119].

Although all of the studies that established steady burning conditions kept
the fuel level constant, this level was different from the edge of the pool. The
vertical distance from the pool liquid surface to the edge of the container is known
as the freeboard or lip height [120]. Depending on the burning conditions the
freeboard could either enhance the heat transfer to the liquid pool [58] and
consequently increase the burning rate, or decrease it as reported in [120] for
small-scale ethanol pool fires. While some researchers maintained the fuel level at
the pool rim (zero lip height) [19], some others allowed a prescribed lip height
(e.g., ~3-5 mm) [103, 107]. Another parameter that could affect the burning rate
measurements is the ambient conditions such as pressure and wind effects, which

will be discussed in Sec. 2.6.

2.4 Heat Transfer Mechanisms

Due to the combustion within the diffusion flame over the combustible

liquid in pool fires, thermal energy is generated. The overall heat released in the
flame , ¢,, is radiated, ¢, , , and convected, ¢, . , from the flame to its

surroundings. Also, a portion of this energy is the flame heat feedback to the

liquid in the pool to vaporize the fuel, ¢ , [121]. The fractional amount of each of

these energy pathways can be defined as:

Xraa = Q_f,rutl /Qc (2.26)
X o = Q‘,/',Canv /Qc (2.27)
z,=0,/0. (2.28)

It worth emphasizing that actual heat release rate, ¢,, is smaller than o,
especially for sooty fuels the combustion efficiency, ;,, can be as low as 0.6 (for

liquid polystyrene pool fire) [5S1].For non-smoky flames with a low tendency to

produce soot, such as methanol pool fires, becomes approximately one [21]. It
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also important to note that the fractional values of energy transport from the flame
strongly depend on the fuel type and burning conditions.
For liquid pool fires, the convective fraction of the total heat release rate,

7., » 1s mostly more than 0.6 to 0.7 [75, 122, 123]. This convective portion of

heat release is carried away by the plume above the flames. The remainder of the
total heat released is radiated away in all directions [75]. From a practical point of
view, the ignition of an external target depends on the amount of heat received
from the fire radiatively [102]. Therefore, the radiative heat from the pool fires
has been investigated in numerous studies and their summary can be found in [14,
51, 102].

In order to determine the overall radiation output of pool fires, Hamins et
al. [124] measured the radiative flux at a single point and assumed the fire
radiation to be isotropic. A number of investigators [21, 119, 125] used
radiometers at different distance from the burner to find profiles of the radiative
flux as a function of location in the radial and vertical directions. The total radiant
power output of the flame was then estimated from the integration of the radiative
flux over the measurement regions [21, 126]. The results showed that the flame
radiation of alcohol pools (e.g., methanol) was more than an order of magnitude
smaller than the radiation of hydrocarbon pool fires (e.g., heptanes) [21].

Radiative emission of the flame is a strong function of the flame soot
volume fraction. In fact, the characteristic yellow luminosity of the flame is a
result of soot particles. Combustion gas products such as carbon dioxide, water
vapor and carbon monoxide emit infrared radiation which is invisible [21].
Therefore, non-sooty flames such as the burning of H, are invisible; methanol
flame is also noticeably blue in low light levels and almost invisible in natural
light. In contrast, hydrocarbon fires are luminous due to the existence of soot
particles in the flame which are in high temperature and therefore emit visible
radiation [21].

Besides soot concentration, the flame radiation output is also a function of

flame temperature [13]. The radiant fraction, 5 , , was correlated as a function of

rad

fuel smoke point, actual heat release rate ¢, stoichiometric air to fuel mass ratio
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and the adiabatic flame temperature in [127-129]. Klassen and Gore [113]

reported the radiative fraction, »,, , of around 0.2 for several alcohols (e.g.,

methanol and ethanol) and around 0.3 for hydrocarbon fuels (e.g., heptane and
toluene) for 0.05-1 m pool diameter range. For very sooty liquid plastic 0.3 m
pool fires the radiative fraction was reported as high as 0.4 [51]. An upper limit
for radiant fraction was suggested as 0.43 in [127]. It was suggested in [129] that
a radiative fraction of 0.3 was appropriate for most fire engineering applications.
Hamins et al. [121] simulated liquid pool fires with low initial-momentum
gas porous burners and measured the different fractions of the heat release for a
range of 0.1-1 m burner diameter and 0.4-200 kW heat release rate. The
combustion efficiency for a smoky acetylene flame was around unity for lower
mass fluxes and then decreased with the fuel mass flux to as low as 0.6. This
quantity remained almost constant and approximately equal to unity for methane
and propane. These trends were related to the fuel tendency to soot. Fuels such as
acetylene typically yield smoke only for moderate and high fuel mass fluxes, so

for large mass fluxes, large quantities of soot were formed in the flame and ,,

decreased. For methane and propane even at the large mass fluxes no evidence of
emitted visible smoke was observed. Based on their findings, Hamins et al. [121]
checked the validation of the flame height correlations available in the literature
and suggested that those correlations were invalid for smoky flames. The
correlations were proven for non-smoky flames though.

Hamins et al. [121] also showed that , , was a relatively small term

except for small mass fluxes (i.e., m <10 g/(m’s)). With an increase in fuel mass

flux, the radiative fraction increased to 0.2-0.3. The convective fraction was

almost constant at 0.7-0.8 for methane and propane when »; > 10 g/(m’s) while
for acetylene it was continuously reducing with = increasing.
For non-smoky fuels the liquid fraction, y ,, may be estimated by the ratio

of the heat of evaporation to the heat of combustion [21]. This ratio is 0.06 for

methanol, which is in agreement with the measured value for ,, [37]. This

means that 6% of the heat released from combustion in a methanol pool fire is
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transferred to the liquid methanol pool. The heat transfer from the flame to the

pool surface, ¢, , occurs in forms of conduction, convection, and radiation [17,
20] as shown schematically in Fig. 2.8. Therefore, the heat feedback would be:

Qﬁ = de + Qconv + Qcona (229)

Q,«ad + chmv j Q.refi‘ﬂﬂ'

n,h

i

Fig. 2.8 Energy transfer mechanisms from the flame to the liquid pool

Different forms of flame heat feedback can be expressed in terms of the

system parameters by the classical formulations developed in [17] as:

- = () -1 [1-ep (-xd)] (2.30)
. 7d’
Qiom = r2(T/ _Tz) (231)
4
Qcol1d =nd T, (T/ - T/) (232)

In Eq. (2.30), r,is a coefficient that includes the Stefan-Boltzmann
constant and the configuration factor for heat transfer from the flame to the liquid
fuel surface, 7, and 7, are the representative flame and liquid temperatures, and
[1-ep (xa)] 1s the flame emissivity [12]. In Eq. (2.31), r,is the convective heat
transfer coefficient, and r,, in Eq. (2.32), is a constant that is used for the

conductive heat transfer in [17]. While the radiation and convection terms are the
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heat pathways directly from the flame to the fuel bed, the conduction is a pathway
that includes the heat transfer from the flame to the pool wall and then into the
liquid pool convectively [17, 22, 106]. The coefficients used in Egs. (2.30)-(2.32)
were described in another reference [130].

As shown in Fig. 2.8, a portion of the received heat from the flame in the
form of radiation is re-radiated to the surroundings, o, ., . This term was

estimated to be less than 10% for a kerosene pool fire [131]. The flame heat
feedback minus the heat re-radiation from the surface is balanced with the heat
required for fuel evaporation at the pool surface [14, 100, 119] as:
04 =0 =miylc, (T, ~T)+AH ) (2.33)
This relationship can give the burning rate, so the determination of the
different heat transfer fluxes to the pool surface are important. Although Egs.
(2.30)-(2.32) cannot accurately determine the different heat transfer pathways,
they help in a general understanding of the problem. Neglecting the pool heat re-
radiation and the temperature variations within the liquid and assuming that the
flame is isothermal (according to the temperature distributions shown previously
these assumptions are not valid but they are just for a qualitative explanation), the

fuel mass flux at the pool surface can be estimated as:

. r(rf-r')i-ep (-xd)ls1,(r, ~1,)+1,(7, - 1,)/d 234)

b
AH

In Eq. (2.34) the first term is the radiation, the second term is the convection and
the last term is the rim conduction pathway. This expression can describe the
variation of the fuel mass flux with the pool diameter as shown qualitatively in
Fig. 2.9 [17]. It should be emphasized that in addition to the pool dimensions, the
relative contributions of the heat transfer pathways to the liquid fuel evaporation
depend on other system characteristics such as vessel properties, lip height, flame
structure, soot volume fraction and temperature and species concentration

distributions [20].
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Fig. 2.9 Variation in fuel mass flux as a function of pool diameter [17]

In small pools, Region I, rim conduction dominates the heat feedback.
Conduction is inversely proportional to the pool diameter, and as the pool gets
larger the importance of conduction diminishes and convection dominates. In this
region, the flame is laminar and convection also decreases with pool diameter [19,

130]. By decreasing the heat feedback, »; also decays with the pool diameter.

After the laminar regime, convection is not a strong function of the pool diameter
[103, 132] but with increasing pool diameter, in Region II, the flame emissivity
increases and the radiation dominancy rises against convection. That is, in Region
II, which is known as the medium pool regime, for smaller diameters convection
is more important than radiation but radiation dominates as the pool become
larger [103]. The radiation heat pathway increases with the pool diameter, as does
the mass flux in Region II. Eventually, for very large pools, Region III, the
radiative heat transfer becomes the principle heat feedback mechanism. In this
regime, since the fire emissivity reaches its maximum value, the flame heat
feedback becomes independent from the pool size and the mass flux remains
constant.

Babrauskas [58] classified liquid pool fires to four burning modes as
shown in Table 2.3 (the wall conduction was ignored). Based on Hottel’s review
[17] of Blinov and Khudlakov's data [18], Babrauskas [58] suggested that the pool
fires may be either in radatively dominated burning for large diameters or

convectively dominated burning for small diameters. Furthermore, the flow can

37



be either laminar or turbulent in the convective regime, while in the radiative

regime the flame may be optically thin or thick.

Table 2.3 Different liquid pool burning modes based on pool diameter [58]

Pool diameter (m) Burning mode
<0.05 convective, laminar
0.05-0.2 convective, turbulent
0.2-1 radiative, optically thin
>1 radiative, optically thick

Another method [130] classified pool fires to different regimes in which
the burning rates were controlled by convection and rim conduction for d < 0.01
m, convection for 0.01 < d < 0.2 m, and by convection and radiation for d > 0.2
m. They proposed that the convection was changed from laminar to turbulent at d
= 0.1 m. The influence of radiation also appeared to behave as though the gas
between the radiating flame and the fuel surface was non-absorbing (optically
thin) for 0.2 <d <2 m. For d > 2 m, combustion gases became optically thick and
absorbed part of the incident radiation from flame to the liquid surface.

Each of the heat transfer mechanisms from flame to the pool surface has
been investigated in an effort to accurately model mass evaporation rate of
burning pools. Large pools which are controlled by radiative heat feedback are the
most interesting for fire protection. For radiatively dominated pool fires (d > 0.2

m) the fuel mass flux can be estimated as [133]:
=l (l=e™™) (2.35)
where » " 1s the mass flux when the pool is very large and x (m™) is the flame
emission coefficient. The values of » ", and x for different fuels can be found in
the literature [58, 102].
For a 0.3 m pool fire, Rasbash et al. [108] determined the emission

coefficients, x, of 0.37 m" for non-sooty alcohol and 2-4 m” for sooty

hydrocarbon fuels (e.g., benzene and kerosene). They also showed that the
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temperature of the non-luminous alcohol flames was (1218°C) much higher than
that of hydrocarbon flames (e.g., 921°C for benzene). This was due to the
considerable heat radiation from soot particles in the case of hydrocarbon fuels. In
another study [51] the emission coefficients of very sooty liquid thermoplastic
(e.g., PMMA and polystyrene) pool fires with a diameter of 0.3 m were reported
tobe 1.3-5.3m™.

The heat radiated to the pool surface was also estimated in [51, 108]. It
was shown that 20% of the energy required for the fuel evaporation at the pool
surface came from flame radiation for alcohol pool fires, while the estimated
radiant heat feedback was even greater than the required heat for sustaining the
steady burning for sooty fuels. For non-luminous pool fires, such as alcohol, the
flame burns very close to the liquid surface so the rest of the required heat is
provided by convection [12, 108]. In the case of hydrocarbon fuels the flame is
further above the pool surface and there is a discernible vapor zone immediately
above the liquid. This vapor zone absorbs part of the radiant flux to the liquid
surface [108, 131, 134-136].

Flame height and shape were also shown to be important parameters in the
estimation of radiative heat from the flame [21]. Orloff and de Ris [126] measured
the radiative heat flux from the flame by using radiometers at different locations.
They also developed an analytical expression for the flame shape, and assuming
homogeneity and constant temperature for the flame, they estimated heat
feedback to the fuel surface. Their algorithm adequately described the flame
shape and energy balance at the fuel surface for a range of pool sizes of 0.1-0.7 m,
different fuels, and different fuel flow rates. An empirical correlation was also
presented in [103] to predict the heat feedback for various fuel (sooty and non-
sooty) pool fires with 0.1-0.3 m diameter.

In convectively dominated pool fires, the convective heat feedback was
reported to be proportional to «" [130, 137]. The power, n, was zero when the
flow was turbulent (d > 0.1 m), which meant the convective heat feedback was
independent from the pool diameter while a value of n = -0.5 for laminar pools,

made the convection inversely proportional to the roots square of pool diameter.
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A dimensionless correlation was presented in [132] for pool fire burning rate
based on a dimensionless number known as the mass transfer driving force
(defined by Spalding [15]). The predictions of the correlations were in good
agreement with the experimental data except for the laminar pools.

Akita and Yomoto [19] investigated methanol laminar pool fires
experimentally. The rate of methanol burning and the flow field within the gas
phase were investigated in their study. Particle tracking in the flame showed
qualitatively that there was a symmetrical vortex along the liquid surface. The
vortices were introduced as the characteristics of the laminar diffusion burning
that transferred heat from the flame to the fuel surface. They also conducted
experiments on concentric and single vessels of different sizes and showed that in
small vessels with laminar burning the maximum burning rate was at the vessel
rim next to the flame base and the burning rate decreased toward the center.
However, this trend was not so readily observed in larger vessels. They proposed
that the difference in burning rate could cause a longitudinal flow at the fuel
surface but they did not present any supporting data. In small-scale pools, the rim
conductive heat transfer is also important. Akita and Yomoto [19] reported that
the ratio of conduction to convection at the base of the flame was 0.7 and
suggested that the radiation heat feedback was negligible for small methanol pool
fires.

Nakakuki [22] measured the burning rate and calculated the direct
radiation from the flame to the fuel surface in the laminar region. It was shown
that the radiative heat transfer was small. The heat convection from the flame to
the liquid surface and the heat conducted through the vessel walls and then
transferred to the liquid fuel convectively were proposed as the dominant heat
transfer mechanisms in small pool fires. Nakakuki [106, 138] quantified the
amount of heat transferred through the vessel walls to the liquid by developing a
finite difference model. The burning rate and the wall temperature distributions
were measured and calculated for vessels of different materials and thickness. The
results from the numerical calculations showed good agreements with measured

data when the vessel had low thermal conductivity or was thin. The calculated

40



wall heat flux distributions with respect to the vertical position were presented.
The quantitative values of the overall heat transfer from different pathways were
not presented in [106]. However, it was concluded that in small pool fires (d =
0.01-0.02 m) the direct convective and radiative heats from the flame above the

liquid surface were negligible in comparison to the wall heat transfer.

2.5 Liquid Phase of Pool Fires

The studies reviewed so far mostly tended to focus on combustion in the
flame and transport phenomena within the gas phase. Comparing with the
relatively large number of investigations on the gas phase of the pool fire, limited
information can be found in the literature to characterize the motion and thermal
structure within the liquid phase.

Several studies determined the liquid temperature distributions as shown
in Fig. 2.10 [139, 140]. The thermal structure stabilized within relatively deep
pools (so called “tank fires”) included a hot zone below the fuel surface, and a
steep gradient region followed by a relatively cold zone. The temperature within
the hot zone was varying slightly, but it was considered to be uniform and be
approximately equal to the pool surface temperature [139]. Inamura et al. [141]
attributed the existence of the uniform hot zone below the fuel surface to the in-

depth absorption of the flame radiation.

Liquid Temperature

»
>

Distance Below Liquid Surface

Fig. 2.10 Temperature within the liquid phase during steady burning [139]
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The finite difference model developed in [106] was used in [142] for
medium pool fires (0.1 < d < 1 m). It was found that the fuel heat loss/gain
through the wall was not negligible in comparison with the direct heat feedback
from the flame to the liquid surface. The existence of the hot zone below the
burning surface was related to the heat transfer from the wall to the liquid fuel. It
was observed that when the outer surface of the pool was cooled the hot-zone
layer thickness decreased. The reason for an increase in the hot-zone layer (or
isothermal layer) thickness reported in the unsteady burning of the pool fires
[117] could also be explained by wall heat transfer. As the fuel level decreases a
larger portion of the wall is exposed to the flame radiation and becomes hotter.
This phenomenon results in a wall heat transfer enhancement and a thicker hot-
zone layer [142].

Nakakuki [142] also showed that the exact heat balance of the overall
system was not obtained unless the heat transfer from the pool wall and the rate of
change of sensible heat in the liquid fuel were included in the analysis of heat
transfer. Therefore, accurate models for the energy transfer within the liquid
phase are required. Based on this, the accuracy of the assumptions numerical
modelers used for the liquid phase of pool fires may be questionable where the
liquid phase was either excluded from the analysis [24] or modelled
unrealistically [25-27].

Inamura et al. [141] presented two models for the transient energy balance
within the liquid phase. One of them included only conduction and the other
included conduction and radiation absorption within the liquid phase. The
temperature profiles calculated from these models were compared with measured
liquid temperature distributions. It was shown that the radiation absorption
through the liquid layer was important and had to be included in the liquid energy
transfer analysis. However, even with accounting for in-depth radiation
absorption, Inamura et al. [141] found discrepancies between the measured and
the estimated temperature distributions within the liquid phase. They proposed
that in order to improve the model accuracy, the effects of Rayleigh convection

(buoyancy-driven natural convection) should also be included in the energy
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analysis. The convection was added to the energy model in [143, 144] and
showed a better agreement with the experimental data.

Although the works presented in [143, 144] demonstrated the importance
of convection currents within the liquid phase, the model they used for convection
was one-dimensional with only a vertical component (normal to the liquid
surface). There are evidences in the literature that the convection currents within
the liquid phase might also have a horizontal component (parallel to the pool
surface plane) and essentially be two-dimensional. For example, the wall heat
transfer [142] from the side to the liquid pool is expected to have a horizontal
component.

Gradients in the heat flux incident on the fuel surface and consequently the

non-uniform surface mass flux =, [19-21] may result in temperature gradients

within and on the surface of the liquid pool. The surface tension gradient due to
the temperature variation may result in thermocapillary convection or Marangoni
motion on the liquid surface [145]. The temperature gradients within the liquid
may cause buoyancy-driven or Rayleigh convection [146]. These effects should
be considered in the analysis of pool fires. For example, it was shown by [147]
that only the thermocapillary effect can enhance the heat transfer in methanol by
up to a factor of two in comparison with the case that this effect did not exist
depending on the Marangoni number which is a measure of surface tension forces
with respect to viscous forces.

The aforementioned mechanisms play an important role in the flame
spread across the liquid fuel after ignition [148]. There are two major types of
flame spread over liquid fuels, and the classification is based on the liquid fuel
property and the initial liquid temperature before ignition. A summary of the
research done on flame spread can be found in [148, 149]. The interesting
properties here are liquid fuel flashpoint and firepoint. Flashpoint is the lowest
temperature that the fuel vapor/air mixture above the liquid fuel is within the
flammability limits [8]. When the vapor above the liquid is ignited a transient
premix flame is generated that consumes all of the vapor/air mixture lying within

the flammability limit. After this transient phase, the diffusion flame establishes
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above the liquid fuel bed only if the rate of fuel evaporation is sufficient to sustain
the diffusion burning. The lowest temperature that liquid evaporation can support
a sustained diffusion burning after the ignition is known as the firepoint [12].

While the flashpoint and the firepoint of volatile fuels like methanol are
identical [148] there are some hydrocarbon fuels for which the firepoints are
significantly greater than their flashpoints [12]. For example, the flashpoint is 12-
14°C and the firepoint is 20°C for n-octane [148]. However, mostly the flashpoint
is used to classify the flame spread patterns in the literature. If the liquid
temperature is well below its firepoint the fire cannot survive since the flame heat
loss to the fuel surface causes the extinction of fire. When the liquid fuel initial
temperature is above its firepoint flame is spread over the liquid fuel with premix
combustion propagation [148, 150].

The flame spread over a liquid fuel at a temperature below its firepoint (or
sub-flash flame spread) occurs by surface tension driven flows (thermocapillary
convection) [151]. The region beneath the flame is hotter than other regions and
motion is induced by thermocapillary stresses on the fuel surface as a result of the
temperature gradient. The surface tension decreases with temperature and the
colder regions pull the liquid from the hotter region beneath the flame, so the flow
is induced from hot to cold regions. This motion on the liquid surface results in
the flame spread over the fuel bed in the same direction [148, 150-152]. The rate
of flame spread is a function of liquid temperature [150]. It takes more time to
preheat the colder liquid in front of the flame to its firepoint, so flame spread
speed decreases as the initial liquid temperature decreases.

Although the starting force for the flow in the flame spread stage was
well-known as a function of thermocapillary forces, the liquid convection in fact
is driven by thermocapillary and buoyancy forces [153]. The existence of
buoyancy in the liquid pool was considered controversial since the liquid was
heated from above. However, there was an inherent coupling between
thermocapillary effects and buoyancy [148]. Murad et al. [153] investigated the
effects of these two forces on the convection in the liquid after ignition. They

eliminated the thermocapillary effects by adding surfactant to the liquid and in a
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separate test they added viscosifier (i.e., material that increased the liquid
viscosity) to eliminate any convection within the liquid. They concluded that the
flow may start due to the temperature gradient on the surface but it is maintained
mainly by buoyancy forces.

Ross [152] found that the flame spread over the liquid pool was
completely different in normal gravity and micro-gravity, which suggested that
buoyancy was important in this phenomenon. The flame spread faster in normal
gravity than in micro-gravity. It was also shown that under micro-gravity
conditions heat could penetrate far deeper into the pool. The major effect of the
buoyancy in the liquid phase was shown to be its stratification of the temperature
field in normal gravity, and when the buoyancy effect was weakened by
decreasing the gravity the thermal stratification became weaker and energy could
convected further away from the pool surface in the vertical direction. The deeper
penetration of heat from the surface into the liquid under micro-gravity conditions
makes the surface preheating delay for flame spread longer, so the flame spreads
slower than it does in normal gravity. For the same reason the rate of flame spread
over liquid pools decreases with the pool depth [154]. The flame also spreads
slower as the liquid surface tension increases since the flow takes the energy
faster from the region in the vicinity of the flame and makes the surface
preheating longer [153, 155, 156].

From numerical models and flow visualization in the liquid layer below a
spreading flame, it was depicted that the convection currents within the pools
were essentially two-dimensional. The liquid flowed away from the hot regions
beneath the flame at the surface and towards it in the pool. This established a
recirculating motion (i.e., vortex) below the flame [152, 157-160].

In summary, the effects of surface-tension and buoyancy are important in
developing convection currents within the liquid phase of pool fires during flame
spread. There is evidence in the literature that the same driving forces may govern
the steady-state flow distributions within the liquid layer [161]. Therefore, these
mechanisms are reviewed here for two simpler cases that may be similar to the

steady burning of pool fires. This review can help the understanding of the
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phenomena happening in the more complicated problem such as steady burning of
pool fires. These simple cases are Case I: the flow induced by exposing the liquid
layer to a point heat source (e.g., hot wire or laser beam) from above, and Case II:
the flow induced in a cavity with an adiabatic bottom when its side walls are kept
at different temperatures.

The flow streamlines are shown in Fig. 2.11a for Case I [148]. The heat
transfer from the point heat source to the surface is non-uniform. This scenario is
similar to the non-uniform heat feedback from the flame [20]. By introducing this
heat source to the liquid surface, at first a thin top surface layer streams outward
from the point source as a result of thermocapillary forces. The flow turns
downward when it encounters the wall and eventually returns up to the surface
underneath the heat source. As a result, two counter-rotating vortices (the results
were two-dimensional in [148] and the structure of the vortices could be toroidal
in 3D), one on each side of the point source, are established. After this initial
formation stage, buoyancy stabilizes and restricts these two main vortices to the
near liquid surface. These main vortices maintain in steady-state condition but

their size shrinks as a result of thermal (density) stratification by buoyancy [148].
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(a) (b)
Fig. 2.11 Qualitative streamline maps within the liquid layer for (a) Case 1: when
the liquid is heated from top by a point heat source and (b) Case II: when liquid is

within a cavity with two side walls kept at different temperatures

The flow streamlines established in Case II are illustrated in Fig. 2.11b
qualitatively [162]. This situation can be seen as similar to the flow within a
liquid pool confined by a hot wall. This is a common scenario in pool fires given

that the proximity of the wall to the flame makes the top of the wall hotter than
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the liquid in the center of the pool [106]. It was shown in [163] that the buoyancy
by itself could result in a flow field similar to Fig. 2.11b and [162] showed that
addition of surface tension to the problem resulted in fluid acceleration at the
liquid surface. In both cases there was possibility for more convection cells to be
generated depending on the problem parameters, but the other vortices were not
as strong as the main vortices shown in Fig. 2.11.

In summary, it is worth emphasizing that although according to the
information presented in the literature the general form of flow structure within
the liquid phase may be speculated, no systematic experimental data for the pool
fire situation was found. Therefore, one of the main goals of the current study is

to conduct such an investigation.

2.6 Effects of Burning Conditions and Pool Parameters

The measureable variables (e.g., burning rate) are established by the
characteristics of the pool and burning conditions. While the effects of several
parameters such as fuel type and pool diameter have been already described in the
preceding sections, the influence of other parameters that may be important for
the current study are discussed in this section.

Of the parameters that may affect the pool fire burning especially for small
diameters are the pan material and its wall thickness. These have a great influence
on the wall heat transfer (i.e., conduction heat pathway) which is important for
small and probably medium pools [17, 19, 22, 106, 138, 142]. Nakakuki
developed a finite difference model [106] to study different pool burning
scenarios such as deep pools, pools with different lip heights, flame spread, etc.
However, of interest here are the effects of wall material and thickness. It was
shown that for a full pool (i.e., no freeboard) the burning rate reduced with
increases in the wall thickness and thermal conductivity [22, 120]. However, this
was strongly influenced by pool lip height. An opposite dependency of burning
rate to the pool wall thickness and thermal conductivity can be observed if the

liquid level drops below the pool wall top edge [106, 138, 142, 164, 165].
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The next important pool parameter is the pool lip height (or freeboard
height). The influences of the lip height in summary include affecting the
convective heat transfer from the flame to the liquid surface, changing the
temperature distribution of the pool wall and hence affecting the conduction heat
transfer pathway, and increasing the flame volume and the flame radiation [58].
Each of the aforementioned effects is important for a particular pool regime and
their coupling is not fully understood. As a result, the variations in the pool
burning with lip height were reported differently in the past studies, and still there
is not agreement on an empirical correlation between the ullage (another term for
lip height and freeboard) and the pool fire attributes [165]. While a decrease in
burning rate was reported with increasing lip height in [22, 165, 166] it was
mentioned in [62] that the burning rate increased with the fuel level descending.
The increase in the burning rate with lip height increase was also observed in
[167] and in unsteady burning [117]. Relevant to the case studied here, it can be
concluded from the literature that the pool fire burning characteristics are
sensitive to the lip height. Furthermore, it is expected that the pool burning rate
decreases with lip height and that the rate of burning rate reduction is a function
of pool wall thermal conductivity and thickness [22, 164, 165].

Garo et al. [168] examined the effects of the liquid layer thickness on the
burning rate of pool fires of different sizes. It was found that the burning rate of
crude-oil reduced as the pool (i.e., the volume occupied by the fuel) became
shallower. In their experiment the fuel was floating on water and the burning rate
reduction was explained with the increase in the heat loss from the fuel layer to
the water substrate in shallower pools. They also showed that the heat sink effect
of water lessened for deeper pools and at a certain depth depending on the pool
size the burning rate remained invariant. There was no control over the fuel level
in [168] though and no data could be found for steady pools. The liquid
temperature has a proportional effect on the burning rate in both steady and
unsteady pool fires [104, 169]. This result was due to the increase of fuel sensible

energy at lower fuel initial temperatures.
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Finally, the pool fire burning is also dependent on environmental
conditions. A review of the studies on this subject can be found in [170] where the
effects of temperature, pressure, and motion (wind) of the ambient air were
described. The ambient temperature can affect the flammability limit and change
the flame temperature. It was observed from the burning of pools at different
ambient pressures [171, 172] that with increasing pressure the burning rate
decreased and increased when the pool diameter was smaller and greater than 7
cm, respectively. It was also shown that at lower air pressure, the flame height
and temperature increased while the radiant fraction decreased.

The effects of air flow (i.e., wind) on pool fires have been investigated in
more detail in the literature. It was found that wind enhanced convective heat
transfer [173] and improved the mixing and combustion which finally raised the
flame temperature [139]. Therefore, the first result of wind particularly observed
for small pools, dominated by convective heat feedback, was an increase in the
fuel burning rate [114, 174]. However, the effects of wind on large pool fires,
controlled by radiation, are different. Wind reduces flame volume and tilts the
flame to be less well-centered, which in overall decreases the radiative heat
feedback to the pool [97, 102], and decreases the burning rate of radiatively
dominated pools [32, 175].

2.7 Conclusion

An extensive literature review on different aspects of pool fires was
presented in this chapter. Pool fire characteristics were studied and important
problem parameters were identified. An understanding was also developed of the
phenomena involved in the burning of pool fires. It was found that compared to
the gas phase (flame), limited information was available on the liquid phase.
Therefore, an experimental approach is developed and used in this thesis to

investigate the transport phenomena within the liquid phase of pool fire.
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3. Experimental Setup and Methodology

3.1 Overview

The main objective of this experimental study is to investigate the
complex problem of the transport phenomena of pool fire especially within the
liquid phase. In order to achieve this goal the key variables of the problem must
be identified and obtained. Different pool fire characteristics were described in
Chapter 2. Among those the parameters that were important for developing an
understanding of the liquid phase of pool fires are:

¢ Burning rate (fuel mass loss rate): this may be the most important variable
as it is directly related to the flame heat release which essentially is the
source of heat feedback from the flame to the liquid fuel. From the liquid
phase perspective, it is also an important quantity as an integral parameter
that indicates the influence of the energy distribution within the liquid
fuel. This variable may be described as the connecting factor between
different phases of the pool fire as the relationship between the gas and
liquid phases is through the rate at which the fuel vapor emits from the
pool surface.

e Flame height: in order to illustrate the effects of the transport phenomena
within the liquid phase on the gas phase (flame), this variable was
examined. These effects have been mostly underestimated in the literature.
For example, while the details of the process of the gas phase have been
considered in the numerical models, the liquid phase have been neglected
to reduce the computation time and cost.

e Pool wall temperature distribution: one of the heat pathways from the
flame to the liquid phase is the heat transfer through the pool wall into the
liquid fuel. This heat pathway is particularly important for small-scale

pool fires such as the ones considered in this study. To quantify the heat
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transfer from the wall to the liquid fuel the pool wall temperature was

required.

e Temperature within the liquid phase: the energy distribution and transport
(as well as heat transfer at the wall) cannot be characterized unless the
thermal structure within the liquid phase is examined. The temperature at
different locations within the pool was considered to understand the
energy transfer patterns.

e Velocity field within the liquid fuel: the energy may be transferred within
the liquid phase with fluid motion (convection). Due to the lack of
information, this effect has been neglected in previous studies that
assumed it to be trivial. The velocity field of the liquid phase was
considered for a better investigation of the energy distribution and
transport within the liquid layer and to examine the assumptions used in
the past.

These variables should be measured under well-defined testing conditions. In
general, in this study, the experiments were conducted under steady-state, steady-
flow conditions, in a quiescent environment with no transverse airflow, and in a
lab at atmospheric pressure and typical room temperature of 22°C. The steady-
state, steady-flow conditions were associated with maintaining a constant fuel
level in the pool. That is, during the fuel burning, the liquid fuel was continuously
added to the pool to replace the fuel that was evaporated from the top of the pool
for combustion.

It is also required to alter the liquid phase test parameters to achieve a
comprehensive understanding of the transport phenomena. In a typical pool the
liquid fuel is contained in a vessel. The material and the temperature of the vessel
can play essential roles in the energy transfer to/from the liquid fuel. Therefore,
highly controlled tests were planned by prescribing a constant temperature at the
bottom of the pool. This bottom temperature was altered in the range of 0°C to
50°C as one of the test parameters. The vessel wall temperature was not
controlled to avoid any interruption in the wall heat transfer. However, the other

controllable test parameter was the vessel wall material that was specified as
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either copper, stainless steel or quartz. Finally, pool depth was changed to
investigate the effects of this parameter on the variables of interest.

The meaningful quantities should be obtained with accurate experimental
techniques that are affordable and practical for the problem of interest. The
detailed description of the approaches used for the various measurements are
given in the following sections. However, in short, the burning rate was measured
from the fuel flow rate, the flame height was measured from the flame
photography, different temperatures were measured by fine thermocouples, and
the velocity field was determined by particle image velocimetry (PIV).

The measured quantities must be reported with their associated experimental
uncertainty. The systematic (bias) errors were accounted for by the calibration of
different measurement methods as explained for each individual method in the
following sections. The ranges of measured values were also determined from the
standard deviation of the data sample population and the methods presented in

[176, 177].

3.2 Fuel

The fuel used in this study was methanol (methyl alcohol, CH3;OH) which
under standard conditions (pressure of 101.325 kPa) has a flash point of 11°C and
boiling point of 64.7°C [35]. Methanol was chosen as the fuel in this study due to
its accessibility, cost, relatively low explosivity (compared to fuels such as
gasoline) and low smoke production, which makes it a good option for laboratory-
scale pool fire experiments. Besides, this fuel has been used in many pool fire
studies such as [19-22], which means relatively more information about methanol
pool fires can be found in the literature and makes this fuel an appealing
alternative to other fuels.

At atmospheric pressure, the flames that are established above a methanol
pool are translucent blue and emits low levels of thermal radiation compared to
yellow soot-producing pool fires (e.g., heptane) [21]. Therefore, small amount of
radiative heat transfer from the flame to the liquid phase, especially when the pool

is small (e.g., the ones of interest in this study), allows it to be neglected [22],
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which can significantly simplify the pool fire heat transfer analysis presented
later. A more comprehensive list of the properties of methanol can be found in

Appendix A.

3.3 Burner

As the main component of the experimental apparatus, it was required to
design and build a laboratory-scale burner that gave the capabilities of measuring
the variables and controlling the test parameters. As it was planned to employ an
optical diagnostic technique for measuring the velocity fields (i.e., PIV) within the
pool, the burner should provide some optical accessibility for flow visualization.
Another design constraint was that the fuel inlet at the bottom of the pool should
be at uniform temperature and with a uniform flow distribution to minimize the
inlet flow effects on the thermal and flow structures within the liquid phase.
Moreover, the burner bottom temperature and depth had to be controllable, and its
side wall material had to be easily substitutable. Lastly, the design should be
practical for manufacturing, affordable, safe and reliable for repetitive
experiments.

Considering the aforementioned requirements, two burners, shown in Fig.
3.1, were designed by the author and built in the Mechanical Engineering
Machine Shop, at the University of Alberta. The square and round burners are
described in detail in this section, and their manufacturing drawings can be found
in Appendix B.

Shown in Fig. 3.2a, the square pool had a width of 70 mm and a depth of
14 mm, and in Fig. 3.2b, the circular pool had an inner diameter of 90 mm with a
depth of 12 mm. The coordinate system for the two pools associated with the
presentation of results and data analysis are shown in Fig. 3.2. The axisymmetric
geometry of the circular pool enabled the use of a 2D coordinate system [25-27].
It is important to note that the choice of coordinate system is only for convenience

and does not affect the results or analysis presented in this study.
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(b)
Fig. 3.1 (a) The square and (b) the circular burner

Exploded views of the square and round burners are shown in Fig. 3.3.
The pools are essentially made of two main parts: the pool wall and its base. Such
a structure for the burner made it possible to replace the wall material and height

very easily and with minimum required modifications.
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Fig. 3.2 Schematic diagram of the pool geometry, dimensions and the coordinate

system for (a) square burner and (b) circular burner
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Fig. 3.3 Exploded views of (a) square and (b) circular burner

The confining walls were 2.5 mm thick for both burners and were
subjected to the quiescent ambient at room temperature on their outer side. For the
square pool, the wall was made of either quartz or aluminum, and the circular
pool wall was made of copper, stainless steel, and quartz. The diversity of
material was to investigate the effects of the wall thermal conductivity on the pool
fire characteristics. The thermal conductivities of the materials used for the pool

wall are tabulated in Table 3.1.

Table 3.1 Thermal conductivity of different wall materials

Material Thermal Conductivity [W/(mK)]
Quartz 1.4
Stainless Steel (AISI316) 13.4
Aluminum 237
Copper 401

The pool depth could be altered easily by changing the wall height. While
the square pool had a constant depth of L = 14 mm (L is the pool depth), the
quartz circular pool depth was changed from L = 12 mmto L =6 mm and L = 18
mm by switching the wall with shorter and taller ones. From now on the circular
quartz pools with different depths are denoted as shallow (L = 6 mm), medium (L
= 12 mm), and deep (L = 18 mm). It should be noted that quartz was the only
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transparent material with optical accessibility for PIV. Also, only the quartz pool
depth was changed, while for the cases of copper and stainless steel pools the
depth was fixed at L = 12 mm.

The second main part of the burners was the base, which itself consisted of
different components as illustrated in Fig. 3.3. In general, the base included a heat
exchanger that was located under the pool to control the pool bottom temperature.
The fuel in the pool was separated from this heat exchanger by a 3 mm thick
porous plate. This porous plate was made of stainless steel (4 pm pore size, 1100-
10-12-.125-2-A Sheet 316LSS, Mott Corperation) and bronze (10 um pore size,
SH6-8, Capstan California) for the square and circular pools respectively, and
provided a uniform inlet fuel flow into the bottom of the pool.

For both burners, a cooling/heating fluid (referred to as the coolant, which
was a 50% ethylene glycol 50% water solution) was circulated in the heat
exchanger. Heat transferred from the liquid fuel and the bottom porous plate to
the coolant when it was used to chill the fuel (the heat transfer direction would be
opposite to heat the fuel). The coolant temperature was set by a water bath (Model
12111-21, Cole Parmer Canada Inc.) controllable between -10°C and 50°C.

The design of the heat exchanger was different in the square and circular
pools as shown in Fig. 3.3. For square burner, the heat exchanger included two
serpentine channels that were machined in an aluminum block. Either heated or
chilled coolant was circulated through one of the heat exchanger’s serpentines,
while the fuel-side of the heat exchanger was a closed-end serpentine channel
covered by the porous plate. The heat transfer between these two fluids occurred
through the aluminum block which was in contact with the porous plate from the
top. As a result, the temperature of both the fuel and pool bottom plate could be
controlled. For the circular pool, the coolant was circulated in a flat spiral coil
made of 6 mm diameter copper tube that passed through a cavity filled with liquid
fuel beneath the porous plate. The spiral coil’s top surface was also flattened and
pushed against the porous plate underneath to establish a good thermal contact

with the plate.
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It should be noted that making two different burners was not intended in
this study from the beginning. The first design was the square pool since its flat
optical access made it more convenient for PIV. However, the difficulties of the
square burner resulted in essential changes in the design. The main problem of the
square burner was its requirement for custom-manufactured quartz walls that was
expensive and could not be built on campus. The building and delivery of the
quartz piece could take months. Also, the method that the quartz piece was joined
to the base part put the quartz part at risk of breakage. The quartz wall in the
square burner had to be bolted to the aluminum base. Due to the difference in the
thermal expansions of these materials, the quartz piece was under tension (or
contraction) especially at the location of the bolt holes where more stress was
concentrated. Stress cracking of the square pool was problematic, and as a result
there is a limited amount of data available for this burner, but it is included in this
thesis as a point of comparison. Also, for the square pool, the lower part of the
wall was in direct contact with the base (heat exchanger), which resulted in
energy transport between the wall and the base. This phenomenon could affect the
temperature distribution of the pool wall and consequently influence heat transfer
from the wall to the liquid fuel.

The second burner (i.e., the circular burner) was designed to eliminate the
problems of the square pool. In the circular burner, the wall was made of a
standard size quartz tube and was assembled on the top of the burner base without
any bolted joints. The base diameter was 2 mm less than the inner diameter of the
quartz tube and the pool was sealed by O-rings. There was also an air gap to
prevent direct contact between the wall and the base, so the wall thermal structure
was no longer specified at its lower edge (due to the wall and base contact in the
square pool, the wall thermal structure was affected by altering the bottom
temperature). Circular pools are also more common in pool fire studies. Due to its
axisymmetric geometry, the problem is assumed two dimensional, which makes
the future analysis much easier compared to the square pool. In summary, after

preliminary but insightful work it was decided to stop the study on the square
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burner after building the circular pool. Consequently, most of the results and

analysis presented here are associated to the circular pool.

3.4 Fuel Delivery System and Burning Rate Measurement

The fuel burning rate is the fuel mass that is consumed in the process of
combustion per unit time. This quantity was measured with a fuel supply system
that was designed to maintain a steady fuel level within the pool. Such a system is
shown schematically in Fig. 3.4. The pool was kept full of liquid fuel to the top
edge of the wall to eliminate any effects of ullage (i.e., lip height effects) [22, 58,
165].

Level Sensor

Flame I ‘

Liquid Fuel Pool

Inter-connected
Side Pool

Analog Signal

Fuel Peristalti
Tank eristaltic

Pump

Analog Signal !
D REEEEEEEEEE R Computer |<----

Fig. 3.4 Schematic diagram of the fuel delivery system

As shown in Fig. 3.4, the fuel delivery system took the methanol from an
open atmospheric tank to the liquid pool, and it also consisted of a level sensor, a
controller (shown as a computer in Fig. 3.4), and a pump. The ultrasonic level

sensor (Model 098-10001, ML-101, Cosense Inc.) monitored the fuel level, /,,
with an accuracy of £0.01 mm in a small (6 mm diameter) non-combusting, inter-
connected shunt-pool located immediately adjacent to the main pool. Then, the
fuel level readings were sent to a custom-designed software (LabWindows/CVI,

National Instruments Corporation) controller every 0.01 s. The fuel level value
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was compared in the controller with the pool depth, L, since the pool must be
filled with the liquid fuel to the top edge during the experiment. Finally, the
peristaltic pump (MasterFlex L/S digital driver with Easy Load II head, Cole
Parmer Canada Inc.) flow rate was set with an accuracy of +0.01 ml/min
accordingly to eliminate the difference between the pool depth and the fuel level.
The pump flow rate was set by the controller as

Vi (t+ A1) =V, (t)+a(L—1,(t+ A1) 3.1)
where v, is the volumetric fuel flow rate to the pool and a is a constant

coefficient found experimentally by tuning the controller to give a proper
response to the fuel variations. A: is the time interval of collecting a sample

population of 10 fuel level data at 10 Hz. ;, is the mean value of this sample

population that was used by the controller to update the pump flow rate. Analog
voltage signals (conversion factor of 3 ml/min per volt) were sent from a

computer controlled data acquisition system (miniLAB 1008™

, Measurement
Computing Corporation) to the pump every second to update the fuel flow rate.
Even with fuel level control, transient effects occur before steady state
when the liquid pool was ignited. This stage was known as the warm-up
(transient) period and was associated with the heat transfer to the liquid fuel and
the pool to establish their steady thermal structures [58, 119]. While some
researchers suggested that the pool fire could reach the steady-state burning rate
in less than a minute [107] others proposed a relatively longer warm-up period of
around 20 min [116]. Hamins et al. [20] reported that under constant-level
conditions, the mass burning rate reached a nearly constant value after 10 min.
Woods [178] found that the burning rate of a methanol pool fire of 0.3 m 0.3 m
%0.01 m became independent from time after 200 s (i.e., 3-4 min). The warm-up
period must be related to the liquid volume in the pool as the larger liquid volume
needs more time to be pre-heated. The largest fuel volume in this study belonged
to the deep pool, which was one order of magnitude smaller than the one tested in
[178]. However, here, the fuel flow rate transferred to the pool was recorded after

20 minutes following the pool ignition to ensure steady condition for burning rate.
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Although the controller was intended to eliminate the discrepancies
between the pool depth and the fuel level, for unclear reasons, the system could
not achieve a constant pump flow rate after the transient period. The pump flow
rate would fluctuate around a constant value however. The flow rate oscillations
may be due to the flame pulsations [27] or instrument noise, which resulted in up
to £0.15 mm variation in the measured fuel level under steady-state conditions.
Two minutes of typical variations in the steady-state pump flow rate and its

associated level oscillation, s = £ - 7,, with respect to time are shown in Fig. 3.5.

To eliminate the effects of these fluctuations, the burning rate was measured

during a time period, 7, and the averaged pump flow rate was determined as:

<V', >(r) = L: V,(t)di (3.2)
10 : : : 0.2
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Fig. 3.5 Two minutes of typical variations in (a) the pump flow rate and (b) the

difference between the pool depth and the fuel level

To achieve temporally invariant burning rate values, the flow rate

sampling was continued until the mean value, <V1> , became independent from the

sampling time, 7. The procedure included determining the average value of the
entire flow rate sample population every 10 s during the data collection. Then, the

data acquisition was carried on until the flow rate precision uncertainty (95%
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confidence interval) [177] became less than 0.01 ml/min (i.e., the accuracy of the
pump). The variation of the averaged pump flow rate and its uncertainty with
respect to time for a certain test (medium circular quartz pool) are shown in Fig.
3.6. After determining the averaged pump flow rate independent from sampling

time, the fuel burning rate was determined as
iy = o,V (3.3)
where p,is the liquid methanol density in room temperature (fuel tank is at room

temperature). The mass burning rate in this study is expressed per unit area of the

pool, »; , (mass loss flux) in g/(m’s).
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Fig. 3.6 (a) The averaged pump flow rate and (b) its associated uncertainty with

respect to time

The burning rate measurement setup was calibrated according to the pump
manufacturer’s instructions to eliminate the bias (systematic) error before
collecting data. A volume of the fuel was collected in a graduated cylinder (with
accuracy of 0.01 ml) in a known time period set internally by the device and the
value was given to the pump in its calibration menu.

It should also be mentioned that while a slight fuel level fluctuation was
inevitable in burning rate measurements, it was possible to narrow the range of

oscillation in the controller software. This was done during the measurements of
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the other variables (e.g., temperature and velocity) to eliminate the potential
unsteadiness in those variables due to the flow rate variations. In other words,
after measuring the burning rate under different test conditions with full range of
flow rate variation (i.e., 0-9 ml/min), the flow rate fluctuations were limited by
decreasing the range for flow rate to the mean flow rate for that specific condition
+0.25 ml/min. Therefore, the flow rate remained almost constant during the tests

and its fluctuation effects on the other variables could be ignored.

3.5 Flame Imaging and Flame Height Measurement

The flame height was measured from flame photography. For each test
condition, 120 images were taken from the flame spaced 5 s apart by an 8-
megapixel CCD camera (EOS 20D, 28-105 mm lens, Canon Inc.). The camera
was positioned horizontally and normal to the flame in a darkened laboratory
against a black background. The camera settings were: ISO 1600, aperture at
F#=5.6 and shutter speed of 1/4 s.

The captured photographs of the flame were then processed individually
according to the steps illustrated in Fig. 3.7. The flame images were converted
into gray-scaled format. Then, they became binary (black and white) depending
on the grey-scaled pixel value (intensity) and a threshold of 10% of the intensity
of the white color. The flame height was determined from the black and white
flame images as the distance above the rim of the pool to the tip of the visible
flame. The tip of the flame in these images was located at a maximum vertical
position with white color. The threshold criterion of 10% was arrived at by
manual inspection of collected images to give the least error in estimating a visual
length of the flame.

Due to unsteadiness (flame pulsation), the range of visible flame height
values was broad in a sample population associated with a specific test condition.
Therefore, the flame height, /;, was determined as a statistical measure of the
height that flame occurrences in the ensemble of images were greater than that
50% of the time [94]. The elevations that visible flames were maintained above

them in 10% and 90% of the time were also recorded for a more comprehensive
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result presentation. These flame heights are illustrated schematically in Fig. 3.8

for comparison.

(a) (b) (c)
Fig. 3.7 Flame image processing steps: (a) original, (b) gray-scaled, and (c) black
and white (based on the threshold of 10%) flame photos

Fig. 3.8 Schematic diagram of the flame height definitions
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3.6 Temperature Measurement

A schematic diagram of the setup used for the liquid temperature
measurement is shown in Fig. 3.9. The temperature within the liquid fuel was
measured with a Type-K thermocouple probe (TSS series, Omega Engineering
Inc.) with an exposed 0.25 mm junction. This thermocouple was traversed by a 2-
axis motorized stage (UniSlide model, Velmex Inc.) to measure 2D temperature
distributions across the central cross-sectional plane from the pool wall to the
center. The thermocouple motion within the liquid pool was controlled with a pair

of stepper motors with a resolution of 0.005 mm/step.

y-axis
Step Motor

Insulation

Stage Moving in
y-direction

v V
rs

. — x-axis
/ Liquid Pool Step Motor
>y
NN
Thermocouple
Junction

Stage Moving in
<::x-directiogn::>
Fig. 3.9 Schematic diagram of the setup used for the liquid temperature

measurement

The liquid temperature maps were measured in a marching pattern starting
at (x,y) = (0,0). One hundred temperature samples were recorded at each point
after pausing 10 s to allow the thermocouple junction to reach the same
temperature as the liquid local temperature (thermocouple response is less than 1
s). The data samples were collected using a computer controlled data acquisition
system (Model NI 9219, National Instruments Corporation) at 10 Hz. To avoid

heat conduction along the thermocouple probe and the associated uncertainty in
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the temperature readings, the probe was insulated and shaped in a way, as shown
in Fig. 3.9, that the last 35 mm of its length was positioned at the same depth
within the liquid pool. The temperature gradient in the x-direction was found to
be insignificant with respect to affecting junction temperature in the preliminary
observations.

The measurement grid pattern was similar to the one shown in Fig. 3.10
for the medium circular pool (the coordinate system was according to Fig. 3.2b).
The temperature was measured every 1 mm and 1.5 mm in vertical and horizontal
directions, respectively. To obtain higher resolution results, the spatial resolution
in the vertical direction was increased within the 5 mm below the fuel surface. In
this region it was expected that more profound transport phenomena would occur,

so data was collected every 0.5 mm in the y-direction.

12

y (mm)

Fig. 3.10 Locations of temperature measurements within the medium circular pool

The steady-state liquid thermal structures were measured after a transient
warm-up period. Hamins et al. [20] showed that although the mass burning rate
could be considered constant 10 min after ignition for a 0.15 m deep pool with a
0.3 m diameter, the temperature inside the liquid was still changing. According to
their results, the liquid was not thermally stabilized even 40 min after the ignition.

Before starting the data collection under steady-state conditions, an
appropriate estimation transient time was required. It is important to note that the
transient period is related to the energy required for preheating the liquid, which is
essentially a function of the liquid volume and initial temperature at ignition
moment. Therefore, the temperature was measured at several locations within the

deep (18 mm) pool with a bottom temperature associated with the lowest bath
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temperature (i.e., -10°C). These preliminary data sets are illustrated in Fig. 3.11.
According to Fig. 3.11, in this particular case that gave the maximum transient
time for the cases of interest, the liquid temperature became essentially time-
independent 20 min after ignition. As a result, to secure the steady condition, the
thermocouple marching within the pool began 30 min after pool ignition. It
should also be noted that collecting a full 2D map data set takes several hours

(e.g., four hours for the deep pool).
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Fig. 3.11 Temperature variations with respect to time immediately after pool
ignition measured at different locations within the liquid fuel; the numbers in the
legend are the coordinate where the temperature was measured with respect to

time

The temperature along the wall at different vertical positions was
measured with a series of 12 Type-K fine wire thermocouples with 0.25 mm
exposed junction. The thermocouples were placed in 2 mm deep holes in the wall
(i.e., 0.5 mm away from the inner surface) and 1 mm apart from each other in the
vertical direction as shown in Fig. 3.12. It is apparent in Fig. 3.12 that the
thermocouple holes in the pool wall were located at different azimuthal positions

to avoid affecting the axisymmetric characteristic of the circular pool. This
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arrangement was also due to manufacturing convenience especially for the quartz

pool.

The wall temperature data was collected by using a data acquisition
system (Model SCXI-1000, National Instruments Corporation) at 10 Hz for 30
min from the pool ignition moment. Therefore, the transient variations of the wall
temperature distributions were recorded in addition to the steady-state profiles.
The stabilized wall temperature was determined by averaging over the last 10 min
after reaching a constant value, which occurred in less than 10 min (the transient

results are presented in Sec. 3.6 ).

Thermocouple
Holes_

(a) "~ (b)

Fig. 3.12 Thermocouple locations for the wall temperature measurements shown

on (a) 3D model and (b) the burner with inserted thermocouples

The temperature measurement system including the thermocouples and
their assigned data acquisition card channels were calibrated against water bath
temperatures. The thermocouples were immersed in the bath maintained at a
known temperature over the range of 0°C to 65°C and their readings were
collected with the same measurement system. Then the calibration curves (i.e.,
bath temperature versus measured temperature) were used to correct the collected

data.
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3.7 Velocity Measurement

The velocity field within the liquid fuel was determined by particle image
velocimetry (PIV). This technique involves measuring the velocity of particles
that are seeded in the liquid pool and move with the fluid. It is assumed that the
particles exactly follow the flow motion [179]. In summary, in PIV, the fluid is
seeded with particles and a light sheet is generated by an illumination source
across the region of the fluid which is of interest. Then, the particles reflect light
when they pass through this light sheet, and the reflected light is collected with a
camera sensor. The displacement of the particles is determined from image
processing of a pair of successive particle images and eventually knowing the
time difference between those images the particle velocity is determined [180,
181].

The particles for PIV should be small enough to follow the fluid motion
and large enough to scatter sufficient light to be detectable by the camera sensor.
The density of the particles also should be near the fluid density [180]. In this
study, the liquid fuel in the pool was seeded with 10 pum hollow glass sphere
particles. The specific gravity of the particles was 1.1, which was slightly greater
than the specific gravity of methanol, ~0.8. This difference in density was
necessary to prevent particle accumulation on the pool surface due to the slow
bulk motion of the methanol toward the liquid surface. The fuel was supplied to
the pool from the bottom to maintain the liquid level in the pool.

As mentioned previously, PIV assumes that the fluid and particles motions
are identical. This assumption must be evaluated by estimating the particles’
“relaxation time” [180]. This is the time required for a particle to adjust its
velocity to a new condition within the fluid (also known as particle lag). The

particle (tracer) relaxation time, ¢, (), can be determined as [180]:

2 Py

T, =d, (3.4)

18 u,
where «<,(m) and p, (kg/m’) is the particle (tracer) diameter and density,

respectively, and 4, (Pa.s) is the liquid viscosity. The particles relaxation time was
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estimated as 1.1x10” s. This very small response time of the tracer particles
allows them to follow the fluid motion.
The influence of the gravitational forces due to the difference between the

liquid and particles density can be assessed from the particles settling velocity as:

U, =d12Mg (3.5)
18 u,

where p, (kgm’) is the liquid density and g (m%s) is the gravitational
acceleration. The settling velocity of the particles was ~20 um/s, which was on
order of the typical liquid bulk motion from the bottom to the surface (~12.5
pum/s).

The PIV setup used in this study is illustrated in Fig. 3.13. The light sheet
was produced by a scanning system composed of two mirrors of which one was
fluctuating at 500 Hz and distributing the laser beam (LRS-0532-TF, 1.6 W, 532
nm, Laserglow Technologies) to illuminate the central cross-sectional plane
within the pool. A lens located at its focal length from the fluctuating mirror was
used to make a parallel and uniform light sheet that passed through the pool’s
center. A time series of 500 particle images were collected at 100 fps by a
1024x1024 pixel CMOS high speed camera (MV-D1024E-160, Photon Focus)
equipped with an SLR camera lens (65 mm, F#=11, Nikon).

Laser Sheet

Scanning
System

Fig. 3.13 PIV setup configuration

The field-of-view (FOV) for velocity measurements was 30 mm wide and

as deep as the pool depth adjacent to the wall where the strongest fluid motion
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was expected due to the wall heat transfer. The strong image distortion of the
circular pool resulted in a large uncertainty in the velocity measurements toward
the pool’s center. Therefore, the width of the FOV was restricted to the first 1/3 of
the pool diameter as a tradeoff over having a large FOV from the wall to the
center of the pool in order to reduce the results’ uncertainty.

To consider the effects of the pool curvature on the images, the velocity
measurements were corrected for image distortion. A custom-designed 2D
calibration target was placed within the pool and aligned with the laser sheet
location. The target was a 2D array of circular dots of known diameter (0.5 mm)
located 1.5 mm apart from each other. The target images were processed using
commercial software (DaVis 8.0.6, La Vision GmbH) and an algorithm detected
the dots in the target images. Knowing the size and the distance of the dots, a
third-order polynomial mapping function was calculated to de-warp the images.
The root-mean-square error of the mapping function calculated from the imaged
dots was 0.29 pixel was acceptable according to the software manual [181]. The
location of the particles within the pool was determined on average by £0.29 pixel

which is equivalent to £0.015 mm uncertainty in the particle location.
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(a) (b)
Fig. 3.14 (a) Actual image compared to (b) de-warped image of the calibration

target

The collected particle images were processed and the velocity vector fields
were calculated using commercial software (DaVis 8.0.6, La Vision GmbH).
Different stages of the image processing and PIV vector calculation are shown in
Fig. 3.15. Prior to the velocity calculation, the images were de-warped according

to the mapping function obtained from the calibration procedure. Then, they were
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pre-processed to improve the contrast between the light particles and the dark
background. It was performed by subtracting the background light and sharpening
the particle edges as shown in Fig. 3.15b. As a wide range of velocity scales was
obtained in the preliminary observations (from near zero to up to 25 mm/s)
especially near the wall, a multi-pass processing scheme was used. This method,
first, calculated the instantaneous velocity vectors using a 32x32 pixel
interrogation window with 50% overlapping. Then, the accuracy of the results
was improved by refining the interrogation window size to a 12x12 pixel and
window overlapping to 75%. Lastly, the mean velocity field was calculated from

the averaging of 500 instantaneous vector fields.

(c) (d)
Fig. 3.15 PIV processing steps: (a) original image of particles within the liquid
pool, (b) de-warped and pre-processed image, (c) instantaneous velocity vector

field, and (d) averaged velocity vector field over 500 images

71



4. Experimental Results: Presentations and Discussions

4.1 Overview

The steady burning of a methanol pool fire was examined at different
liquid bottom boundary temperatures under quiescent ambient condition. The tests
were conducted in pools of different materials and depth when the fuel level was
maintained at the pool rim during the data collection period. The methanol pool
fire burning rate, flame height, wall and liquid temperature distributions, and
mean velocity field within the liquid phase corresponding to each test condition
were recorded and are presented here.

In measuring different characteristics of the pool fire, one of the test

parameters was the liquid boundary temperature at the bottom of the pool, 7,, .

The bath temperature, 7, , was set from -10°C to 50°C in order to give a wide

bath

range of pool bottom temperatures through which the effects of r,, could be

investigated. However, the fuel temperature at the bottom of the pool was not the
same as the bath temperature due to the heat loss/gain to the surroundings and the
heat feedback from the flame to the liquid pool. Two cases of non-burning and
burning pools are compared for the same bath temperature of 20°C in Fig. 4.1. As
shown without flame the bottom temperature is close to the bath temperature
(difference less than 0.5°C) and with flame there is a 3°C temperature rise at the
bottom of the pool. Also, the local bottom temperature is not constant throughout
the bottom surface and typically increases 3-4°C radially within the last 5 mm
near the wall (located at x = 0 mm) from the pool center (located at x = 45 mm).
Also, it should be noted that the tubes were not in contact with the porous plate at
the bottom of the pool throughout the whole bottom surface area, and as it is
apparent in Fig. 4.1 for the burning pool, the temperature increased 2-3°C at the
center. The temperature drop from 10 mm to 35 mm was due to the presence of

tubes in contact with the bottom plate. The temperatures at the bottom of the pool
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were measured at different radial positions and a representative bottom

temperature, 7, , was found by area-averaging.
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Fig. 4.1 Radial variation of liquid temperature at the bottom of the circular quartz

pool when the water bath was set at 7, . =20°C; pool wall and center are at x =0

bath

and 45 mm, respectively

It can be concluded from Fig. 4.1 that the temperature at the bottom of the
pool may be related to the heat transfer to the liquid layer and the bottom plate
from the flame. Shown later in this study, Chapter 5, the heat transfer to the liquid
phase is not the same in different pools. Thus, for prescribed bath temperatures,
T, » the area-averaged bottom temperatures, 7,, , of the square pool are listed in

Table 4.1.

Table 4.1 Pools r,, that resulted from setting the bath temperature for square

pools of different materials

Tbo[
case bath
Quartz Aluminum
1 10°C 16°C 20°C
2 20°C 24°C 29°C
3 40°C 38°C 42°C

The r,, that resulted from different bath temperatures for the circular pool

test cases are presented in Table 4.2 for different pool materials (i.e., copper,
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stainless steel and quartz) and in Table 4.3 for quartz pools of different depth (i.e.,
shallow: L = 6 mm, medium: L = 12 mm, and deep: L = 18 mm). The information
presented in Table 4.1, Table 4.2, and Table 4.3 is used for the result

presentations in this chapter.

Table 4.2 Pools 7, that resulted from setting the bath temperature for circular

pools of different materials

Tbul
case Ty

Copper SS Quartz
1 -10°C 5.8°C 2.3°C -0.9°C
2 0°C 13.5°C 9.9°C 7.3°C
3 10°C 20.8°C 18.2°C 14.3°C
4 20°C 27.8°C 25.3°C 22.8°C
5 30°C 34.8°C 32.6°C 30.5°C
6 40°C 42.8°C 41°C 39.1°C
7 50°C 50.4°C 48.6°C 47.5°C

Table 4.3 Pools 7,, that resulted from setting the bath temperature for circular

quartz pools of different depth

Tbaz
case Ty

Shallow Medium Deep
1 -10°C 4°C -0.9°C 4°C
2 0°C 11.9°C 7.3°C 4.3°C
3 10°C 19.6°C 14.3°C 12.3°C
4 20°C 27.7°C 22.8°C 20.6°C
5 30°C 34.7°C 30.5°C 29.3°C
6 40°C 43.3°C 40.1°C 37.7°C
7 50°C 50.1°C 47.5°C 46.8°C

4.2 Burning Rate

The fuel mass loss rate per unit area of the pool or mass flux (burning

rate), m , of the square pool with respect to the bottom boundary temperature for
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two side wall materials of quartz and aluminum is shown in Fig. 4.2. The burning
rate of the aluminum pool is less than the quartz pool at lower bottom boundary

temperatures then rising to 10% more than the quartz pool burning rate at higher

bottom temperatures.

20
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Linear fit (Quartz)
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Tbot (OC)
Fig. 4.2 Methanol burning rates in aluminum and quartz square pools as a

function of bottom boundary temperature

The relationships between burning rate, =, of the circular pool and the

imposed pool bottom temperature, 7, , for different wall materials namely

bot %

copper, stainless steel and quartz are shown in Fig. 4.3. For any prescribed 7,
the = increases with decreasing wall thermal conductivity (i.e., from copper to

quartz). This result is counterintuitive as walls with higher thermal conductivity
would be expected to transfer more energy from hot products to the liquid (the
reason for this outcome is discussed in Sec. 4.5).

Fig. 4.4 shows the mass flux of the circular pool with different depths of L
=6 mm, L =12 mm, and L = 18 mm as functions of pool bottom temperature. It is
shown in Fig. 4.4 that the methanol mass flux increases with the pool depth at any

specific bottom temperature. As explained in Sec. 3.4, the uncertainty (95%
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confidence interval) in the mass loss rate,s,, is around +0.2 mg/s which is
equivalent to +0.03 g/(m’s) uncertainty in the burning rate, s v . This uncertainty is

essentially smaller than the symbol size, so it is neglected in Fig. 4.2, Fig. 4.3, and
Fig. 4.4.
From Fig. 4.2, Fig. 4.3, and Fig. 4.4, it is apparent that the burning rate,

m !, increases with increasing pool bottom temperature, 7,, . The fitted lines to

the experimental data depict that the increases in the burning rate with bottom
boundary temperatures are essentially linear over the range of boundary
temperatures studied. Given the connection between the rate that energy is made
available for evaporating the fuel and the burning rate, these results are intuitive.
When the inlet fuel temperature is raised then less of the energy that arrives at the
pool by various means of heat transfer is needed to raise the fuel’s temperature to
the liquid surface temperature, and hence more is available for evaporating the
fuel and the burning rate will be higher. The linearity of the burning rate with the
base temperature then may be explained by assuming a constant specific heat
capacity for the liquid fuel within the temperature range considered here.

The dependency of » on 7,, however is not the same for different pools.
It is apparent in Fig. 4.3 that the methanol ] increases by 70% as the base is
heated from 20°C to 55°C while the quartz pool = increases only by 20% for
changing the r,, from 11°C to 55°C. Moreover, in Fig. 4.4, m increases by

25%, 18%, and 13% for copper, stainless steel, and quartz pools, respectively
from 0°C to 50°C and as the pool becomes shallower the mass flux gets more
sensitive to bottom temperature variations (i.e., 20% versus 4% increase in i for
shallow vs deep pool). The trends can be explained by having a good
understanding of heat transfer within the liquid fuel and between the liquid fuel

and the pool wall.
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Fig. 4.3 Mass burning rate of methanol pool fire with respect to the bottom
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Fig. 4.4 Mass burning rate of methanol pool fire with respect to the bottom

boundary temperature and different pool depth
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It can be seen from a comparison between Fig. 4.2 and Fig. 4.3 that
slightly different results were obtained for the square versus the round pool by

altering the pool wall materials. While the line of mass flux vs. r,, for the
aluminum vessel crossed the trend line of quartz pool in Fig. 4.2, the copper pool

m 1is always lower than the # of the quartz pool over the range of 0°C < r, <

50°C. This result could be due to the differences in the burner designs that would
affect the heat transfer from the wall to the liquid layer. Besides the difference in
geometry, the base of the square pool was in direct contact with the lower part of
the pool wall. This can affect the heat transfer from the vessel wall to the liquid
fuel that is one of the most important pathways for the size of the pools
considered in this study. The wall was separated from the base by O-rings and an
air gap in the circular pools.

The burning rate of the flammable liquids has been measured and reported
in the literature since the 1950s. Wide ranges of fuels (i.e., hydrocarbon liquids
and alcohols) and pool sizes were considered to expand the experimental data.
Among the fuels, methanol was very common probably due to its clean flame that
generates a low level of smoke, ease of use and availability. Methanol mass

burning rate, » , as a function of pool diameter, d, from some of the experimental

studies (as indicated in the figure legend) is presented in Fig. 4.5. The measured
burning rates from the current study on the square and circular pools are also
included for comparison. It should be noted that for the square pool, the
equivalent diameter calculated as 2 wiz'"?

Fig. 4.5.

(W is the width of the pool) was used in
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Fig. 4.5 Methanol mass burning rate as a function of pool diameter in comparison
with the data from the literature; the numbers in the legend are the reference
associated with the data: 1: [19], 2: [104], 3: [113], 4: [103], 5: [109], 6: [108], 7:
[101], and 8: [114] .

In previous studies, pool fires were commonly described by only the pool
diameter and the fuel type. Therefore, for a methanol pool with a diameter of 90
mm (i.e., circular pool) only one value was reported in the literature regardless of
its variations with the test parameters (i.e., wall materials and liquid-side
boundary conditions) used in this study. The range of the burning rate measured
in the present work was indicated by the range bars plotted with the data. As it is
apparent in Fig. 4.5, the experimental results are in good agreement with the data
from the literature.

This figure also can elucidate why even after normalizing the burning rate,

m ! of the square quartz pool was larger than that for the circular quartz pool. As

explained in Sec. 2.4 (Fig. 2.9), when the heat transfer from the pool wall to the

liquid fuel 1s important, mass flux, = ,decreases with the pool diameter

increasing. That is, the mass flux itself is inherently a function of the pool
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1/2

diameter. The square pool characteristic diameter (2W/z"“ ) is smaller than the

circular pool diameter.

4.3 Flame Height

The visible flame height was measured from the flame images. When
methanol pool is burning, the produced flame is translucent blue and is hard to
observe in natural light. Therefore, the flame images were taken in a darkened lab
and against a black background to reduce the unwanted light. A series of typical
successive photographs of the flame in the circular pool acquired under this
condition is shown in Fig. 4.6. It should be noted that these photos were taken
every 5 seconds.

As described in Sec. 2.3.1, the visible fire includes the persistent flame
zone and the intermittent zone [60]. The conical region above the fuel surface is
the persistent flame zone which can be distinguished by the bright boundary
which is the location of the flame sheet (where the combustion is the most
probable). It can be seen that the flame is very bright at the base at the pool rim
where it is expected that combustion mostly occurs [61]. Above this conical flame
zone that maintains its structure is the intermittent zone which is fluctuating as a
result of large-scale toroidal vortices that form around the base of the flame and
move upward [82, 83] as described in Sec. 2.3.1.

In every flame photograph the flame height was determined from the pool
rim to the tip of the visible flame. The results from 120 images of the flame were
statistically analyzed to find the height that the flame maintains in at least half of
the images. For the remainder of this chapter, this value is referred to as the flame
height, /.

The flame height, [, variations with respect to the bottom boundary

temperature, 7, , for different pool materials and for different pool depths are

illustrated in Fig. 4.7 and Fig. 4.8, respectively. The flame height is expected to
be strongly coupled with the fuel burning rate. Therefore, as it is apparent in Fig.

4.7 and Fig. 4.8, the flame height, /; increases with the bottom temperature, 7, , ,
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and for a prescribed 7, the flame becomes taller as the pool gets deeper and the

wall thermal conductivity deceases.

Fig. 4.6 A series of successive photographs of flame established above the

methanol pool
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Fig. 4.7 Flame height of methanol pool fire with respect to the bottom boundary

temperature and different pool wall materials
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Fig. 4.8 Flame height of methanol pool fire with respect to the bottom boundary
temperature and different pool depth
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Similar to burning rate, the sensitivity of the flame height to the pool
bottom temperature is not the same for all the burners. /r increases by 27%, 13%
and 9% for copper, stainless steel, and quartz pools, respectively by increasing the

bottom temperature from 0°C to 50°C. For the same r,, variation, the flame

enlarges by 25% for the shallow pool (i.e., L = 6 mm) while a relatively trivial
increase of 6% in the flame height occurs for the deep pool (i.e., L = 18 mm).

The results for the flame height, shown in Fig. 4.7 and Fig. 4.8, are
strongly coupled with the fuel-burning rate. The relationship between the flame
height and the burning rate is depicted in Fig. 4.9 by square symbols. The triangle
and the circle symbols represent the height that the flame maintains in 90% and
10% of the collected images, respectively. These three data sets, can actually
quantify the spatial flickering behavior of the flame relative to the flame height
(i.e., median value). The experimental results are also compared with three
correlations selected from the equations listed in Table 2.1: Eq. (2.17) [65] solid
line, Eq. (2.23) [97] dash line, and Eq. (2.19) [94] dash-dot line.

The increase in the flame height with the burning rate seen in Fig. 4.9 is
associated with the time (or space) needed to entrain oxygen into the reaction

zone of the flame. When the rate of fuel vapor emitted from the pool,n |, is

increased, a larger / taller flame will result in order to provide the required oxygen
for combustion.

As it can be seen in Fig. 4.9, all three correlations predict flame height
value within the limits that are established with the tip of visible flame locations
in 90% to 10% of the images. However, on the left side of the graph (i.e.,
! <9.5 g/(m’s)) Eq. (2.19) and on the right side (i.e., s> 9.5 g/(m’s)) Eq.
(2.17) have better agreement with the experimental flame heights, respectively.
Eq. (2.23) predicts the flame height with a discrepancy of up to 10% for the entire

range of the considered i | .
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Fig. 4.9 Flame height with respect to burning rate in comparison with the
correlations from the literature. Correlations 1 [65], 2 [97], and 3 [94] are

presented in Table 2.1.

4.4 Wall Temperature Distributions

In order to understand the effects of the pool wall material, the thermal
structure of the medium circular pool walls were measured in this study. When
the vaporized fuel is ignited above a flammable liquid pool, the rim of the pool is
heated by being in proximity with the flame and combustion products. Heat is
conducted downward through the wall and after a transient stage the steady-state
wall thermal structure is established.

The wall temperature variations with time for the first 10 min after
ignition for three different vertical positions, y, along the pool wall made of
different materials (i.e., copper, stainless steel and quartz) are shown in Fig. 4.10.
The steady-state wall temperature profiles with respect to the vertical distance

upward, 7 _(y), from the bottom of the pool, y =0 mm are presented in Fig. 4.11,

Fig. 4.12, and Fig. 4.13 for the copper, stainless steel, and quartz pool,
respectively. The numbers in the graph legends are associated with the test cases

as listed in Table 4.2.
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From Fig. 4.10, it is apparent that the steady temperature fields are
established within the pool wall in less than 10 min. The transient period depends
on the wall material and the vertical locations. As it is shown in Fig. 4.10a, the
temperature along the entire height of the copper wall rises uniformly to its steady
state value. When the wall material is changed to one with lower thermal
conductivity (i.e., stainless steel and quartz), the wall temperature rises non-
uniformly through its height. The temperature increase is larger and occurs faster

at the top region of the wall in comparison with the lower part (especially for the

quartz pool).
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Fig. 4.10 (a) Copper, (b) stainless steel and (c) quartz wall temperture variations
with time at different verical locations when the bottom temperature is according

to case 4 in Table 4.2

The steady-state wall temperatures are the values averaged over a 10-
minute period of data collection following a 20-minute transient stage after the
ignition (to make sure that the steady-state thermal structure is established along
the entire wall). The range of measured value deviation from the averaged wall
temperature are not included in Fig. 4.11, Fig. 4.12, and Fig. 4.13 either to avoid
clutter in the data presentations or due to being smaller than the symbol size. The
standard deviation of the wall temperature data at different vertical locations are
mostly smaller than £0.25°C for the copper pool and smaller than +1°C for the
stainless steel and quartz pools. The largest deviation was +2°C. The wall

temperature measurements were repeated three times (for case 4) and the
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uncertainty of the measured values was found to be within £5°C (90%

confidence).
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Fig. 4.11 Wall temperature distributions for the copper pool with respect to

vertical location from the pool bottom; the numbers in the legends correspond to

the cases listed in Table 4.2. The bottom temperature increases from 1 to 7
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Fig. 4.12 Wall temperature distributions for the stainless steel pool with respect to

vertical location from the pool bottom; the numbers in the legends correspond to

the cases listed in Table 4.2. The bottom temperature increases from 1 to 7
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Fig. 4.13 Wall temperature distributions for the quartz pool with respect to
vertical location from the pool bottom; the numbers in the legends correspond to

the cases listed in Table 4.2. The bottom temperature increases from 1 to 7

As it is illustrated in Fig. 4.11, Fig. 4.12, and Fig. 4.13 the walls made of
different materials adopt significantly different thermal structures while being in
close proximity with the flame at the top and cool liquid at the bottom. From

comparison of the wall temperature distributions, 7, (y), it can be concluded that
for highly conductive wall, copper, 7, (y) is almost invariant throughout its

height, while the low conductive wall, quartz, has a rapid temperature increase

within the last 4 mm close to the top edge. The stainless steel 7, (y) increases

from bottom to top almost linearly. These trends agree well with the wall
temperature profiles shown in [106].

Finally, it can be seen that for the two metals, the temperature near the
pool lip is affected by the set bottom boundary temperature, while the quartz
pool’s lip seems to be unaffected by the bottom temperature. From Fig. 4.13, it
can be seen that the quartz wall temperature profiles at different bottom
temperatures are converging monotonically to the same value for the wall rim

temperature regardless of 7, , .
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The thermal structures along the pool wall can be explained knowing that
the top rim of the wall is near the flame and heat transfers from the hot gases to
the wall. As the heat is conducted downward through the wall, part of it transfers
convectively to the adjacent fluids which are quiescent ambient air and liquid
fuels on the outer and inner sides, respectively. Therefore, the problem consists of
a system including solid wall, liquid fuel and ambient air. This phenomenon was
not quantitatively modeled in this study. The heat conduction through the wall
may simply be assumed one-dimensional, but boundary conditions at the top and
the bottom edge of the wall are unknown. Therefore, a qualitative explanation is
presented here.

One of the three heat transfer pathways of conduction through the wall,
convection from the wall inner surface to the liquid fuel and convection from the
wall outer surface to the ambient air will dominant according to the relative
thermal resistance and the local temperature difference. Comparing the
convection to the ambient air and the convection to the liquid fuel, the latter is
always the largest since the thermal resistance of the liquid is smaller. The
convective heat transfer coefficient of liquids are usually one to two orders of
magnitude larger than those for gases [63].

The importance of the convection from the wall surface to the liquid fuel
over the conduction through the wall downwards is the Biot number, Bi. It can be
expressed as the ratio of the thermal resistance inside the wall to the resistance at
its surface as [63]:

Bi =hL [k, 4.1)
where A (kJ/(mzK)) is the convective heat transfer coefficient of the liquid fuel in
contact with the wall surface, L. (m) is the characteristic length equal to the ratio
of the wall volume to its surface area wetted with the fuel and £, (kJ/(mK)) is the
wall thermal conductivity. For the different pools considered here only the wall
thermal conductivity changes with altering the wall material (the wall properties
were assumed temperature independent). The Bi number for the copper pool is

two orders of magnitude smaller than the quartz pool Bi number.
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When Bi is small, it means that heat is preferred to be conducted
downward through the wall. Thus, a uniform temperature distribution, similar to
the one shown in Fig. 4.11 for the copper pool, is established within the wall. A
non-uniform temperature field, as shown for the quartz pool in Fig. 4.13, is
associated with the case of large Bi number. That is, in the quartz pool instead of
being conducted through the wall, heat is mostly convected from the inner surface
of the wall to the liquid fuel within the top region of the wall where a7 is high
(this heat transfer is quantified in Sec. 5.1). This phenomenon and the low thermal
conductivity of the quartz wall result in a rapid temperature drop downwards

along the quartz wall.

4.5 Temperature Distributions within the Liquid Fuel

In order to understand and quantify the energy transport in the liquid
phase, steady state temperature distributions within the liquid fuel are required.
Therefore, the fuel temperatures were measured across the central cross-sectional
plane of the pool from the pool wall to the central axis for different burners. For
different bottom temperatures, the resulting two-dimensional temperature maps
and the vertical profiles along the central axis of the pools are presented here. It
should be noted that in the temperature distributions presented in this section, the
inner surface of the wall is located at x = 0 mm and the central axis is at x = 35
mm for square and at x = 45 mm for circular pools.

Spatial distribution plots of the liquid temperature for the two square pools
(quartz and aluminum) are shown in Fig. 4.14. When the circulating water
temperature was set to 20°C the mean bottom temperatures of 24°C and 29°C
were recorded for quartz and aluminum pools, respectively. The reason for this
difference remains unclear, but, as shown in Fig. 4.14 it could be related to how
the liquid thermally stratifies itself differently for the two different types of pool
wall materials.

The first notable observation seen in Fig. 4.14 is that the fuel adopted a
two-layered thermal structure, one layer being nearly uniform and the other

having a relatively steep gradient, and that the ordering of these layers is
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dependent on the wall material. For the quartz pool, the temperature gradient was
much larger (~5°C/mm) within the bottom half of the pool compared to that
within the top half (~0.5°C/mm). The top layer, which was almost of a uniform
temperature, is being described as “thermally well-mixed”. For the same planar
section of the aluminum pool the temperature distribution within the liquid fuel
shows a large temperature gradient layer at the top, which is as much as 4°C/mm,

while the lower part of the pool (v < 10 mm) is now a thermally well-mixed layer.

0 5 10 15 20 25 30 35
z (mm)
(b)

Fig. 4.14 Temperature distributions within the liquid phase for (a) quartz square
pool with bottom temperature of 24°C and (b) aluminum square pool when the

base temperature was 29°C

Note that the last data points in Fig. 4.14 are 0.5 mm beneath the liquid-
vapor interface. While this point is unimportant for the quartz pool because the
liquid in this region is uniform in temperature, there are significant changes

occurring in that region of the aluminum pool. As a result, the fuel surface
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temperature is 4-5°C higher within the quartz vessel than that for the aluminum
one. According to the literature [12], the surface temperature is expected to be a
few degrees less than the fuel boiling point of 64°C, which is in agreement with
the data presented for the quartz pool.

The liquid fuel temperature profiles along the central axis of the square
pool are shown in Fig. 4.15 and Fig. 4.16, where the quantitative values can be
easily seen rather than in the 2-D maps. The liquid temperatures in this section are

normalized as:
0=(r-r1,)/T -T,,) 4.2)
where T is the measured temperature and 7 is the liquid surface temperature. The
vertical coordinate is also scaled against the pool depth, L as:
y*=y/L (4.3)
The use of dimensionless variables of 8 and y* allows a more effective way to
follow the trends of results especially when temperature profiles of different pools

at different bottom temperatures are compared against each other.
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Fig. 4.15 Normalized liquid temperature distributions along the quartz square pool
central axis with respect to normalized vertical location for different bottom

temperatures
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Fig. 4.16 Normalized liquid temperature distributions along the aluminum square
pool central axis with respect to normalized vertical location for different bottom

temperatures

Within the quartz pool, the temperature of the upper quarter of the fuel is
almost uniform and equal to the highest temperature observed in the liquid phase.
The temperature then shows a rapid decrease in the lower three quarters of the
fuel layer. An opposite trend can be seen for the aluminum pool. The variation in
temperature is less than 20% of the pool surface-bottom temperature difference
within the first 0.6-0.7 of the pool depth and then it rises significantly to surface
temperature within the remainder of the pool.

Two-dimensional temperature maps for different boundary temperatures,
as listed in Table 4.2, are shown in Fig. 4.17, Fig. 4.18, and Fig. 4.19 for copper,
stainless steel, and quartz circular pools, respectively. The non-dimensional
central temperature profiles within different pools are shown in Fig. 4.20, Fig.
421, and Fig. 4.22 for copper, stainless steel, and quartz circular pools,
respectively.

For the circular pool, the same as square pool, the liquid surface
temperature is a few degrees (~3-4°C) below the expected boiling point of

methanol. It is also apparent that the isothermal lines are mostly horizontal. This
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suggests that heat transfer mostly occurs in the y-direction especially in the central
region. Therefore, the temperature is almost constant in the x-direction except for
the regions near the wall (x < 10 mm). In the vicinity of the wall the isothermal
lines are not horizontal due to the heat transfer between the wall and the liquid
fuel. The slope of the isothermal lines is positive or negative depending on the

heat transfer direction.
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Fig. 4.17 Temperature distributions within the liquid phase for the copper pool
when (a) 7,, =13.5°C, (b) 1,, =28°C, (¢) r,, =43°C
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Fig. 4.18 Temperature distributions within the liquid phase for the stainless steel

pool when (a) 7,, =10°C, (b) 7,, =25°C, (¢) 1, =41°C
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Fig. 4.19 Temperature distributions within the liquid phase for the circular

medium quartz pool when (a) r,, =7°C, (b) r,, =23°C, (¢) r,, =39°C
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Fig. 4.20 Normalized liquid temperature distributions along the pool central axis
for the copper pool with respect to normalized vertical location; the numbers in

the legends correspond to the cases listed in Table 4.2
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Fig. 4.21 Normalized liquid temperature distributions along the pool central axis
for the stainless steel pool with respect to normalized vertical location; the

numbers in the legends correspond to the cases listed in Table 4.2
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Fig. 4.22 Normalized liquid temperature distributions along the pool central axis
for the quartz pool with respect to normalized vertical location; the numbers in the

legends correspond to the cases listed in Table 4.2

When the wall material is altered the heat transfer through the wall and
from the wall to the liquid fuel are affected (as described in Sec. 4.4). As a result,
the thermal structure within the liquid fuel changes. It is apparent in Fig. 4.20,
Fig. 4.21, and Fig. 4.22 that the trends of the liquid temperature profiles, o (y*) ,
within different vessels become similar at higher bottom temperatures. This two-
layer thermal structure includes a relatively steep temperature gradient region at
the bottom and an almost uniform temperature region at the top, which is similar
to the trends observed in the square quartz pool. However, while this structure is
maintained for the quartz pool, it is changed significantly for the steel and copper
pools at lower bottom temperatures.

The reason for the variation in liquid thermal structure with bottom
temperature for metallic vessels may also be explained from the energy transfer
between the wall and the liquid phase. This heat transfer is in the form of

convection. Therefore, the local wall heat flux, 4"(y), is proportional to the local

characteristic temperature difference between the wall and liquid bulk [182]. That

1S,A7(y)=T, (»)-T,(y), where 7 (y) 1s the wall temperature and 7,(y) is the
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liquid temperature at the center of the pool both at the same vertical positions. To

establish an understanding of wall heat flux distributions, A7 (y) is shown in Fig.

4.23 against the vertical location, y.
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Fig. 4.23 Characteristic wall-liquid temperature difference versus vertical location
and for different pool walls when the boundary condition is according to (a) case

2 (r,, =0°C)and (b) case 6 (r,, =40°C) listed in Table 4.2

bath bath

It is apparent that heat transfer from the copper wall to the liquid mostly
occurs in the lower region, y < 6 mm, where A7 () is positive and large. This heat
transfer from the wall to the lower region of the liquid layer at low bottom
temperatures, e.g., case 2, cools the wall to a lower temperature than the liquid
temperature in the top region. Therefore, the copper wall gains heat from the hot
fuel at the top region and acts as an energy sink. Nakakuki [142] showed that by
taking heat from the liquid layer the thickness of the uniform-temperature layer
can be reduced. This altering of the uniform layer is in agreement with current
results as shown in Fig. 4.20 and Fig. 4.21 where at lower bottom temperatures
more heat is taken from the liquid by the cooler wall, which results in a thinner

uniform-temperature layer. By increasing 7,, to case 6, Fig. 4.23b, less heat is

taken from the wall in the lower region. Therefore, the wall becomes hotter than
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the liquid, and the uniform-temperature layer is formed below the liquid surface
within metallic pools.
For the quartz pool, it is apparent in Fig. 4.23 that there is a positive and

large ar(y) for the first 4 mm below the surface. The large temperature

difference drops rapidly downward. Therefore, while a profound amount of heat
transfers to the fuel within the first few millimeters of the wall at the top,
insignificant heat transfer occurs along the lower region of the wall. Due to the
substantial temperature difference between the fuel and the wall, there is a
potential for convective currents to be established in the top region which keeps
that part of liquid fuel thermally well-mixed. It is also apparent in Fig. 4.19 that a
thermal boundary layer was established on the liquid-wall interface in the quartz

pool. Moreover, it can be seen in Fig. 4.23 that the quartz ar(y) is almost

independent from 7

bot 2

whereas the strong dependency of the wall heat transfer on
r,, for the copper pool is seen. That may explain the change in the copper pool
thermal structure with 7, while the trends for the quartz pool remain invariant.

It may also be possible to elucidate the reason for observing a completely
different trend in the liquid temperatures within the aluminum square pool. As
mentioned in Sec. 2.5 a three-zone thermal structure could be established within
relatively deep pools [139]. The liquid was hot at the top of the layer below the
interface as a result of flame heat feedback. Due to the relatively colder base
(compared with the liquid surface) the liquid within the bottom region of the deep
pool was cold. While the top and bottom zones had uniform temperatures, there
was a region between them in which liquid temperature decreased from the hot-
zone to the cold-zone temperature. In the square pool, the wall was also cooled by
the base (they were in direct contact). This effect may be nominal for the quartz
pool since the quartz wall does not conduct heat from the flame to the base.
However, due to the thermal conductivity of the aluminum wall, it is expected
(based on the observation for copper circular pool) that the wall temperature
significantly drops below the liquid temperature. Therefore, a significant amount
of heat can be taken from the liquid by the cold wall and could completely
diminish the uniform-temperature layer. Nakakuki [142] proposed that when the
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outer surface of the pool wall was cooled with water, the thickness of the hot-zone
decreased.

The two-dimensional temperature maps and normalized profiles at the
central axis for circular quartz pools of different depths are presented in Fig. 4.24
and Fig. 4.26 for the shallow pool (L = 6 mm) and in Fig. 4.25 and Fig. 4.27 for
the deep pool (L = 18 mm). The impacts of having the prescribed boundary
temperatures at different distances below the pool surface on the liquid phase
thermal structure can be examined in these figures if they are compared with the
results presented for the medium quartz pool (L = 12 mm) in Fig. 4.19 and Fig.
4.22.
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Fig. 4.24 Temperature distributions within the liquid phase of the shallow quartz
pool when (a) r,, =12°C, (b) r,, =28°C, (¢) 1,, =43°C
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Fig. 4.25 Temperature distributions within the liquid phase of the deep quartz

pool when (a) r,, =4°C, (b) r,, =21°C, (¢) 1, =38°C
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Fig. 4.26 Normalized liquid temperature distributions along the pool central axis
for the shallow quartz pool with respect to normalized vertical location; the

numbers in the legends correspond to the cases listed in Table 4.3

0.8}

- 0.6f g

0.4Ff

¥ x <O % DOO
NN WD AW =

0.2}
8
wet
0 0.2 04 0.6 0.8 1
y*

Fig. 4.27 Normalized liquid temperature distributions along the pool central axis
for the deep quartz pool with respect to normalized vertical location; the numbers

in the legends correspond to the cases listed in Table 4.3
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It is apparent that while the two-layer thermal structures can be clearly
recognized in the medium and deep pools, liquid temperature increases through
the shallow pool differently especially at lower bottom temperatures. At lower

bottom temperatures, the liquid temperature rise is almost linear and as r7,,

increases the temperature rise occurs faster in the lower part and slower within the
upper region. That is, the thermal structure approaches the two-layer pattern as the
bottom temperature increases for the shallow pool. The existence of a thermal
boundary layer at the liquid-wall interface a few millimeters below the pool
surface is also apparent in Fig. 4.24 and Fig. 4.26. This means that the wall heat
transfer pattern should be the same as that for the medium quartz pool, which was
a large amount of heat transfer within the top region (the first few millimeters)
and no significant wall heat flux in the lower region.

In summary, it can be concluded that in general, a two-layer temperature
structure including a uniform-temperature layer and a relatively steep temperature
gradient layer can be observed within the liquid phase. The uniform-temperature
layer is usually established below the liquid surface and above the other layer.
Therefore, the top region of the liquid pool is at a temperature equal to the liquid
pool surface temperature, and the liquid temperature decreases vertically through

the lower layer from the surface temperature tor,, . This general liquid thermal

structure is influenced by the test parameters (i.e., pool bottom boundary
temperature, pool wall thermal conductivity, and pool depth). The effect of

lowering 7,, (from 50°C to 0°C) is diminishing of the uniform-temperature layer

thickness and this effect becomes more profound when the pool wall thermal
conductivity increases (from that of quartz to that of copper) or when the pool
becomes shallower (from L = 18 mm to L = 6 mm). It is also found that when the
pool was deeper than a certain depth (between 12 and 18 mm in this case) the

thickness of the uniform-temperature layer becomes independent from 7,

variations. It is also observed that the combination of the test parameters
sometimes could result in a complete disappearance of the uniform-temperature

layer. For example, at the coldestr,, , the uniform-temperature layer was no

bot

longer observed in either the copper pool or the shallow quartz pool.
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The temperature data presented in this section is the average of 100
samples. The range of the liquid temperature variation is estimated from the
standard deviation of the sample population. The distributions of standard
deviation in the liquid temperature within the different pools when the bottom

temperature was imposed by setting the bath to 0°C are shown in Fig. 4.28.
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Fig. 4.28 Standard deviation in temperature measurements within the liquid phase
of (a) copper, (b) stainless steel, (¢) quartz, (d) shallow, and (e) deep pools when

the bottom temperatures were imposed by a bath temperature of 0°C.

It is apparent in Fig. 4.28 that the largest values of the temperature
standard deviation are associated with the regions near the wall (x < 10 mm)
especially in the shallow pool where the standard deviation can be as large as 5°C.
As the standard deviation of the liquid temperature is less than 0.5°C elsewhere, it
can be suggested that the liquid temperature variations near the wall may be not
related to the uncertainty of the measurement technique. These large deviation

values near the wall could be due to the transport phenomena in that region. The
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motion of cool or warm parcels of fluids over the thermocouple junction may
cause fluctuations in temperature readings. However, this justification requires

more information about the liquid flow field, which is presented in next section.

4.6 Velocity Distributions within the Liquid Fuel

The velocity fields within the quartz pools with different depths were
measured using PIV across a field of view of 30 mmxL (L = 6, 12, and 18 mm)
from the pool wall. In the presented results in this section, the inner surface of the
wall is located at x = 0 mm. As it is mentioned in Sec. 3.7, the results illustrated in
this section are the mean values of 500 instantaneous velocity fields and are
associated with the flow distributions within the pool 20 min after ignition.

The mean velocity vector field and the velocity magnitude maps are
illustrated in Fig. 4.29, Fig. 4.30, and Fig. 4.31 for shallow, medium and deep
pools, respectively. The measured 2D mean velocity vector field overlaid with the
computed vorticity, w, of the liquid fuel within the shallow, medium and deep
pools are shown in Fig. 4.32, Fig. 4.33, and Fig. 4.34, respectively. Each figure
shows results for several bottom temperatures as indicated in the figure captions.
Also, for clearer presentation only every fourth vector is displayed. For the
shallow pool the large temperature gradient induced between the pool top and

bottom affected the quality of particle images. Therefore, only the result for r,, =

43°C is presented that had a relatively small temperature gradient.
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Fig. 4.29 Vector maps of the average velocity field with a background color map
of the velocity magnitude within the liquid phase of the shallow quartz pool (L =

6 mm) when 7, is 43°C
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of the velocity magnitude within the liquid phase of the medium quartz pool (L =
12 mm) when (a) r,, =7°C, (b) r,, =23°C, (¢) 7,, =39°C

106



7 20
\\\\Q\‘\I\/\’ N
NANN 1
ConaNAN E
NS \\\\\\\\\\\..,' N
c e o aaaAN \\\\,,\\
N S AN ‘\‘\
o - ) ) 115

y (mm)

=
[ @?+ 21" (mmis)

20

y (mm)
>
[ @)?+ @?1"2 (mmis)

20

7;///
7
Iy
AR
VALY
N
N\
NN
NN
:
.
,
:
t
t
i
-
i

LS
ceen 22

y (mm)

=
[ @?+ 21" (mmis)

z (mm)
(©)

Fig. 4.31 Vector maps of the average velocity field with a background color map

of the velocity magnitude within the liquid phase of the deep quartz pool (L =18
mm) when (a) r,, =4°C, (b) r,, =21°C, (¢) 1,, =38°C

bot bot

107



The velocity fields show the existence of large-scale mixing motion in the
top layer of the liquid fuel with two strong counter-rotating vortices located
adjacent to the pool wall. The velocity magnitude can be as large as 20 mm/s in
this region and as it can be seen in the velocity fields the maximum velocity
occurs on the fuel surface. It should be noted that as it can be seen in Fig. 4.32,
Fig. 4.33, and Fig. 4.34 there are other small vortices immediately below the main
vortices rotating in opposite direction. As only every fourth vectors are presented
in these figures not all of the features in velocity vector field may be clearly seen.
To address this, zoomed-in views of these vortices are presented in Appendix C.
In contrast to the top layer of the liquid, the bottom layer is seen to have a low
velocity (magnitude less than 2 mm/s) and no discernible vorticity. It worth
emphasizing that due to the axisymmetric characteristic of the round pools, the
same phenomena are expected at the other side of the pool central axis.

Two main vortices, as shown in the results, recirculate fluid in the top
region of the liquid layer. The first vortex, close to the pool wall, rotates
clockwise directing fluid away from the wall toward the center of the pool on the
upper side of the vortex and toward the wall from the bulk pool on the lower side
of the vortex. Potential driving mechanisms for this vortex can be a buoyancy
force on the fluid next to the wall and thermocapillary stress along the fuel

surface.
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Fig. 4.32 Vector maps of the average velocity field with a background color map
of the mean vorticity field within the liquid phase of the shallow quartz pool (L =

6 mm) when 7, is 43°C
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Fig. 4.34 Vector maps of the average velocity field with a background color map
of the mean vorticity field within the liquid phase of the deep quartz pool (L =18
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According to the measured wall temperature distributions presented in
Sec. 4.4, for the quartz pool, the wall rim is much hotter than the liquid fuel
because of its proximity to the base of the flame. Therefore, a thermal boundary
layer is established on the top region of the wall inner surface. Due to the
temperature gradient within the wall thermal boundary layer, buoyancy forces are
generated. Therefore, the liquid fuel in contact with the hot upper portion of the
wall will rise toward the liquid-vapor interface and a buoyant flow will be created
upwards. Once this buoyant flow reaches the top of the liquid layer it must be
diverted radially inward to the pool’s center in order to remain part of the pool. If
the is disturbed from being horizontal, surface tension forces at the fuel interface
pull downward on the upward buoyant flow and as the liquid is confined from one
side by the pool wall, the flow is turned toward the pool center. Along with the
need for continuity in the liquid, those two motions of upwards at the wall and
then inwards support the creation of this vortex.

Another potential mechanism for creating this wall vortex could be a
gradient in thermocapillary stress. If the surface tension is not uniform at the free
surface, the region with higher surface tension pulls the fluid toward itself and
causes fluid motion. Since surface tension is a decreasing function with increasing
temperature, colder free surfaces pull the fluid from hotter regions. As discussed
in Sec. 2.5 this phenomenon is pronounced in the flame spread stage of pool fires.
The flame raises the local temperature of the liquid beneath itself to near boiling,
while fuel in the non-burning region remains cool. For a room temperature
methanol pool in the fire-spread stage there could be a 45°C temperature
difference establishing the stress difference to cause liquid motion that accelerates
the flame spread over the fuel surface. In the current situation of steady-state
burning the temperatures nearest to the surface while remaining immersed in the
fuel are nearly uniform in the radial direction. Considering the wall vortex to be
on the order of 12 mm (from the inner wall surface to the point the flow direction
was changed downward), there is at most 3-4°C temperature difference, which

limits the variation of the surface tension to 3x10™* N/m.
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The second vortex has a counter-clockwise rotation driving fluid from the
central region of the pool along the surface to form a stagnation point when it
meets the wall vortex. The origins of this second vortex is less clear in whether it
is simply fluid responding to viscous shear stress due to the existence of the
vortex nearer the wall or whether there are separate forces on the fluid that need
to be taken into account. The local evaporation of small scale non-luminous pool
fires (e.g., methanol) is believed to be highest close to the wall that can cause
fluid motion from the pool center to the wall [19]. However, more investigations
are required to determine the driving mechanisms of these vortices.

Both vortices contribute strongly to energy transfer in the upper part of the
liquid pool. The wall vortex transfers heat from the wall to the liquid. As shown
in Sec 4.5, the local temperature difference between the wall and the liquid fuel
was substantial near the top of the pool (up to 50°C). As a result, the buoyant flow
(natural convection) was established within the top region of the pool to transfer
heat from the wall to the liquid fuel.

It is apparent in Fig. 4.29-Fig. 4.34 that the thickness of the mixing motion
layer and the size of the recirculation zone increase with increases in the pool
depth and bottom boundary temperature. In general, these two parameters (pool
depth and bottom temperatures) have the same effects on the vortical structures.
Within the pool, the vortical structures are countered by shear stress which is
proportional to the liquid viscosity which is a strong function of temperature. The
viscosity of the liquid methanol changes by a factor of four within the temperature
range of 0°C to 60°C [35]. By making the bottom of the pool cooler (i.e.,

decreasing 7, ) or bringing the cold bottom closer to the fuel top region where

the vortical structures exist (i.e., decreasing the pool depth), a liquid with a greater
viscosity would be at the boundary of the mixing motion layer. Therefore, the size
of the vortices decreases at lower bottom temperatures and fuel depths.

Another potential mechanism can be the effect of buoyancy stratification
within the liquid fuel similar to its effect in the flame spread stage [148]. The
liquid temperature is higher at the top region and lower at the bottom due to the

flame heat feedback from above. As a result, the liquid phase is buoyantly stable,
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and any vertical motion within this stable system is resisted by the buoyancy
forces. By increasing the temperature difference between the liquid surface and

the pool bottom (i.e., by lowering 7, ) or decreasing the pool depth, the vertical

temperature gradient increases. Therefore, the stabilizing buoyancy effect
becomes stronger, and the vortical structures are prevented from further
penetration through the thermally stabilized liquid layer. However, these
explanations are still qualitative and more investigations are required to
characterize different effects involved in this phenomenon.

As mentioned before, the results presented in Fig. 4.29-Fig. 4.34 are the
mean value of 500 instantaneous velocity fields. The RMS (root mean square)
deviation of these sample populations from the averaged velocity fields of
different pools are shown in Fig. 4.35. It can be seen that the velocity fields are
more stable for the deeper pool and the deviation increases as the pool become
shallower. It is also apparent that the velocity fields are more unsteady in the
regions where vortices exist. These velocity variations could be associated with
the temporal and spatial unsteadiness of the flow field within the liquid phase
especially where the vortical structures occurred. Although the flow distribution
may be considered steady in general, at any point within the liquid phase, the
magnitude and the direction of the velocity vectors change continuously. In a data
set (500 flow fields), the vortical structures were maintained in the instantaneous
velocity maps, but they were shifted slightly through the data set. The smaller
error in the deep pool may mean that the velocity fields within the deep pool were
more stable than that within the shallow pool. The RMS deviation within the deep
pool was less than 3 mm/s while it was ~8 mm/s in the shallow pool.

A source of uncertainty for velocity measurements in an environment with
large temperature gradient (or density gradient) is the distortion due to the
refraction index variation. The temperature variation from the bottom of the pool
to the pool surface is significant and can be as large as 9°C/mm in the shallow
pool. The scattered light rays from the particles are refracted as they pass through
the parcels of fluid with different refractive index. Therefore the detected particle

locations from the images are different from the actual locations of the particles
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[183]. The quantity of the uncertainty in the velocity measurements due to this

effect is unknown here, which limits the presented results to be qualitative flow

visualization.
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Fig. 4.35 Vector maps of the RMS deviation in velocity field with a background
color map of the error magnitude within the liquid phase of (a) shallow, (b)

medium and (c) deep quartz pool when 7, results from setting r,, = 40°C
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4.7 Conclusion

In this chapter, the experimental results for the variables of interest
including burning rate, flame height, wall and liquid temperature distributions,
and velocity field within the liquid phase of pool fire were presented. It was
shown that typically two-layer thermal structures including a uniform temperature
layer below the liquid surface and a steep gradient layer at the lower region were
established within the liquid phase. Also, the velocity measurements within the
liquid phase showed two strong vortices within the upper layer (uniform
temperature) of the liquid fuel.

The general responses of the measured variables to the change of test
parameters (i.e., pool bottom temperature, pool depth and wall material) were as

the following:

® Burning rate and flame height increased with an increase in the bottom
temperature and the pool depth and a decrease in the wall thermal

conductivity.

® The temperature distributions along the wall were strong functions of the
wall thermal conductivity and varied from a uniform distribution for the

copper pool to significantly non-uniform one for the quartz pool.

® [t was shown qualitatively that while the copper wall heat transfer to the
liquid fuel might be affected by the bottom temperature, the quartz wall

heat transfer remained almost invariant.

® The configuration and the thickness of the two layers of temperature

distribution within the liquid fuel were shown to be functions of the test
parameters.

The energy transport phenomena within the liquid phase are studied and

quantified in the next chapter in order to further investigate and justify the

experimental results.
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5. Heat Transfer within the Liquid Phase

In this chapter the experimental results collected in this study and
presented in Chapter 4 are used to develop an energy model to investigate the heat
transfer within the liquid phase of the pool fire. The approach here is to estimate
the heat feedback from the flame and hot combustion products to the liquid phase,
and then to provide quantitative insight into how energy is distributed within the
liquid fuel. Fuel burning rate, as the pool fire characteristic that is affected by
different transport phenomena, burning conditions and parameters, is used to

evaluate the energy model estimations in this chapter.

5.1 Pool Wall Heat Flux

One of the main heat transfer pathways for a pool fire of the size being
investigated here is the heat transfer from the hot products through the pool wall
and into the liquid fuel. The local wall heat flux to the liquid fuel, 4 (y), results
from two-dimensional heat conduction through the wall material and a complex
interaction with the liquid (natural convection). The experimental data gives
vertically resolved internal wall 7, (y) and liquid 7,(y) temperatures 0.5 mm on
each side from the solid-liquid interface, as shown in Fig. 5.1. The local heat flux
can be estimated from the temperature gradient at the liquid-wall surface in the x-
direction [182] as:

I,»W-T,(»)
R, +R,

qn(v) (5.1)

where R, = Ax/k, and R, = ax/k, are the wall and the liquid thermal resistances,
and Ax=0.5 mm. For the case of pool with the copper wall &, is three orders of
magnitude larger than &, while 7, is one order of magnitude large than »  for

the quartz pool. These relative magnitudes of thermal resistances indicate that the
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internal wall temperatures are reasonable estimations of the actual interface
temperature especially for the copper. In addition, the numerical model of
Nakakuki [106] showed that the calculated temperature of the innermost node of
the wall was equal to that of the outermost node at the same vertical position for

1-2 mm thick copper, glass (Pyrex) and stainless steel pool walls.

Liquid Fuel Solid Wall

T(») R, n
o AAAN— q(y)

Ax
3

Fig. 5.1 Schematic diagram of the wall heat flux at the solid-liquid interface

The local wall heat fluxes to the liquid pool at different vertical positions
are shown in Fig. 5.2 for the 12 mm deep pool with different pool wall materials

and bottom boundary temperatures, 7,, (case 2 is the coldest and case 6 is the

hottest as shown in Table 4.2). According to Eq. (5.1), and as it is illustrated in
Fig. 5.1, when heat is transferred from the wall to the liquid fuel, its sign is
positive and vice versa the negative sign means that heat transfers from the liquid
to the wall.

It is apparent in Fig. 5.2, except within the top region of the copper pool (y
> 6 mm) where heat flux can be negative indicating that the heat transfer is from
the wall to the liquid fuel elsewhere irrespective of the pool wall material. It was
shown in Fig. 4.23 (Sec. 4.5) that the characteristic temperature difference

between the wall and the liquid fuel also depicted similar behaviors.
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Fig. 5.2 Local wall heat flux with respect to vertical location for different pool

wall materials (12 mm deep pool) when the boundary condition, 7,, , is according

to (a) case 2 (coldest), (b) case 4, and (c) case 6 (hottest) listed in Table 4.2
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The trend of the local heat flux 4~ (y) along the copper wall changes
significantly by changing the boundary temperatures. It should be remembered
that according to the wall temperature results presented in Sec. 4.4, the
temperature of the copper wall is constant at different vertical positions and it

changes uniformly by altering 7, . As shown in Fig. 5.2a, at low r,, the local

wall heat flux decreases almost linearly with the vertical position, y, from 10
kW/m? to -4 kW/m?. In this case, 4" () is positive and relatively large within the
lower region of the copper wall (y < 6 mm). As a result, the wall temperature
drops to a value less than the liquid temperature for the top half of the wall, and
the heat transfer direction switches from the liquid to the wall.

By increasing 7,, to case 4, Fig. 5.2b, the magnitude of the wall heat flux

in both regions of the copper wall (i.e., top and bottom halves) decreases. That is,
less heat is transferred within the lower part since the liquid fuel is now warmer.
Eventually, when the bottom temperature is high enough (e.g., case 6 as shown in
Fig. 5.2¢), the wall heat flux becomes mostly positive throughout the length of the
copper wall. Therefore, heat transfers from the wall to the liquid pool. The wall
heat flux in this case is almost constant and around 1.8 kW/m? through the entire

wall. The wall heat transfer strong dependency on 7,, may help to explain the
relatively large variations of = and Ir versus 7,, (shown in Sec. 4.2 and Sec.

4.3) for the copper pool.

Also, from Fig. 5.2 it is apparent that the wall heat flux trends for the
quartz pool remains almost invariant as r,, changes from case 1 to 3. This
common trend includes a positive and relatively large heat flux of ~34 kW/m” at
the top edge of the wall that drops rapidly within the first 4 mm. Deeper into the
pool, the wall heat flux is almost constant (~1-2 kW/m?) during the remainder of
the wall length (y < 8 mm). The independency of the quartz wall heat transfer to

the bottom temperature may explain the relatively low rates of change of »; and
Iy with respect to 7,, for the quartz pool shown in Sec. 4.2 and Sec. 4.3.

Finally, the stainless steel wall heat flux is always between the values for

the copper and the quartz pool in Fig. 5.2. That is, for the lower region, the
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stainless steel’s 4 () 1s lower than that of copper and at the top region it is lower

than that of quartz.
The average wall heat flux can be determined by integrating the local

values over the whole surface as

L

1
A Y 52
{ar) J, Ty (5.2)
where () is the average wall heat flux in kW/m?, and L is the pool depth. The

averaged wall heat fluxes for different pools and bottom temperatures are shown
in Fig. 5.3. The fitted lines (solid for copper, dashed for stainless steel, and
dashed/dot for quartz) in Fig. 5.3 are to clarify the variation of (7 )with 7,
trends. It is apparent that the averaged wall heat flux is the lowest for the high-
thermal-conductive wall, copper, and the highest, for quartz with the lowest
thermal conductivity. This is due to the large temperature difference between the

wall and the liquid fuel in the quartz pool.
10

® Quartz
B Stainless Steel
8 A  Copper

< ¢ > (kW/m?)
[ J
o
|
o

-10 0 10 20 30 40 50 60
Tbot (OC)
Fig. 5.3 Averaged wall heat flux with respect to the bottom temperature for

different pool wall materials
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5.2 Liquid Phase Energy Balance

In this section the wall heat transfer estimated in Sec. 5.1 is used in a
model based on conservation of energy in the liquid phase to predict the mass
burning rate, » /. Such a model provides quantitative estimate for different heat
transfer pathways to the liquid phase so that they can be evaluated against the
measured burning rate (presented in Sec. 4.2).

A schematic diagram of the liquid phase energy balance is shown in Fig.
5.4. In this figure, the control volume (CV) containing only the liquid phase and
the different energy fluxes into and out of the CV are illustrated. The energy
fluxes are per unit pool surface area (i.e., 4 - za’/4). Liquid fuel that enters into
the CV carries an enthalpy per unit area of »/», into the CV, and the vaporized
fuel leaves the volume at the pool surface with an enthalpy per unit area of 7 /#, .

The difference between these two enthalpy fluxes is the required heat for the

liquid fuel to warm up from the inlet temperature, 7, to the surface temperature,
7., and fuel evaporation, which is:

gi=nmjle, (T, -1)+am,) (5.3)
where ¢, (k] .g'l.K'l) is the liquid specific heat, and an  (kJ/g) is the fuel heat of

evaporation at 7.

b -n
qrad +q conv
.y s n
qcmm’ i mbh"

Fig. 5.4 Schematic diagram of the energy balance of liquid fuel of pool fire,
showing a control volume containing the liquid fuel and different energy fluxes at

its surfaces
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According to the law of conservation of energy under steady-state

conditions, the energy for the fuel heating and evaporation, 4 , must be balanced

with the summation of the heat fluxes through the CV boundaries. In general, heat
transfers from the flame and hot combustion products to the liquid pool in the

forms of conduction, 4" , (meaning a pathway that involves convection from the

n”
cond %

hot product gases or radiation to the solid wall and then its conduction through the

solid until being convected into the liquid), direct convection, 4 , and radiation,

conv

g", , from the flame to the liquid.

For small-scale pools (d < 0.1 m) the conduction heat pathway is expected
to be important. Moreover, for smaller diameters of the medium pool regime (i.e.,
0.1 m <d <1 m) convection is expected to dominate and since the current pool is
0.09 m in diameter, convection needs to be included. Radiation is only considered
important for large pools or those with luminous and soot-forming flames, but in
order to avoid any assumption the radiation is also included for the given small
methanol flame in this study.
As a result, under steady state condition, the energy balance of the liquid
phase to create the fuel vapor, which is subsequently burned, yields:
G =l + Al * (4

and - (kW/m?) are the conductive, convective and radiative

rad

where 4., , 4.,
heat transfers per unit surface area of the pool, respectively.

The convective heat transfer from the flame to the fuel surface was studied
by Orloff and de Ris [126, 132]. The procedure presented in [126] to estimate the

convective heat flux is applied here to calculate4”  as:

it - I ) (55)

L Za ]
where £(g)=p/lew (8)-1], 8 =m]/a ,and a is a constant that according to [126]
equals to 8 (g.m™.s™) for pools without lips. The remainder of the parameters in
Eq. (5.5) are the properties of methanol pool fire which are listed in Table 5.1.

An empirical correlation was developed in [103] for radiative heat flux as:
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LA

The parameters used in Eq. (5.6) can be found in Table 5.1.

Table 5.1 Methanol pool fire properties used in Egs. (5.5) and (5.6)

Property Symbol Value

Heat of combustion AH 19.9 kJ/g %
Combustion efficiency z. 12

Radiative heat release fraction z, 0.2 [20-113]

fuel/air stoichiometric mass ratio r 0.156

Specific heat capacity of air o 1.2x107 kJ/(gK)
Pool surface temperature T, 59°C

Ambient temperature T, 25°C

Smoke yield Y, 0.001 (g/g) %1%

According to Eq. (5.5), the convective heat flux from the flame and hot
products to the liquid surface is a function of burning rate. The variation of the
estimated 4’ ~ with respect to the mass flux, =/, is apparent in Fig. 5.5 that
shows a decrease in 4, with increasing the burning rate. This outcome can be
due to the expansion of the fuel-rich volume immediately above the fuel surface
when more fuel is evaporated [131]. The fuel vapor temperature is relatively low
and cools the combustion gases. That is, more fuel vapor takes more heat from the
gases above the liquid surface and decreases the convection heat feedback.
Another reason could be the presence of Stefan flow (upward flow of the fuel
vapor from the pool surface) [184] which at higher burning rates pushes the hot

products further away from the fuel surface.

The conduction heat flux, 4” , , is equal to the averaged wall heat flux

from Eq. (5.2) that is scaled to the heat flux per unit area of pool surface as:

QL =4, /4, Kal) (5.7)
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where 4 = za and 4, - za* /4 are the wall and pool areas, respectively.

20

p— p—
\S} [=)}

(=]

q” conv (kW/ mz)

4 8 12 16 20
" (g/m?/s)
Fig. 5.5 Estimated convective heat feedback according to the method presented in

[126] with respect to the pool fire burning rate

With estimates for the convection, radiation, and conduction pathways that
bring energy to the liquid pool to both warm up and evaporate the fuel it is
possible to estimate the mass burning rate from liquid phase energy balance as:

- q:ond + q;’o/xt' + q’:‘;d
T, e an ) C8

It should be noted that for the range of the measured burning rate in this study (

8<m) <11 g/(m’s)), g" ~ decreases by around 2.3 kW/m®. That is, as the

onv

correlation for 47 =~ was itself a function of burning rate, an iterative procedure
was used to estimate » ! from Eq. (5.8).

In Fig. 5.6, the estimated burning rates, based on the liquid phase energy
balance, are compared against the measured values for three different pool wall
materials (i.e., copper, stainless steel, and quartz), and for seven boundary
temperatures ranging from 0°C to 50°C (listed in Table 4.2). The dashed and
dashed/dotted lines in Fig. 5.6, respectively, denote +5% and +10% deviation

from a one-to-one correspondence shown with solid line. As it can be seen the
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estimated »; are mostly within the £5% deviation bound from the measured

values (all values are within £10% deviation bound). The good agreement with
experimental data verifies that the model presented in this section based on liquid
phase energy balance is a reasonably appropriate predicting tool for the burning
rate of the studied pool fires. According to this approach, the heat for the fuel
evaporation is mainly provided by the convection from the flame and the heat that
is conducted through the wall and then convected to the liquid phase. The

radiative heat flus is only ~5% relative to convective heat flux.
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Measured " (g/m?/s)
Fig. 5.6 Estimated methanol steady burning rate in comparison with the measured

values for all the cases listed in Table 4.2

The ratios of conduction to convection pathway from the model,
g . /i , are illustrated in Fig. 5.7 for different pools (i.e., copper, stainless
steel, quartz) and different bottom temperatures. The lines are fitted to the values
only to clarify the trends. It is apparent that among the three pools, this ratio is the
largest for the quartz pool and the smallest for the copper pool for any boundary
condition. For the quartz pool, the relative magnitude of the conduction to
convection is 30% whereas it can be as low as 4% for the copper pool. That is,

when the wall heat conductivity is low a larger portion of the required heat for the
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fuel evaporation is transferred from the conduction pathway (25% for the quartz
pool) in comparison with the highly conductive wall (4-9% for the copper pool).
The decrease in heat conduction results in a lower burning rate for the
copper pool. Due to this lower burning rate, less cool fuel vapor is emitted from
the copper pool surface in comparison to the quartz pool. Consequently, as shown
in Fig. 5.5, the convective heat flux from the flame to the liquid within the copper

pool is ~1 kW/m? greater than that for the quartz pool.
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Fig. 5.7 Ratio of conduction to convection heat fluxes in respect to 7,, and for

different wall materials

5.3 Thermal Structure within the Liquid Phase

So far in this chapter, a method has been presented to estimate the flame
heat feedback to the liquid pool. Then, the mass burning rate of pool fire has been
predicted from the energy balance of the liquid phase. That method was based on
a CV that contained the whole liquid layer, so the complexity of the transport
phenomena within the liquid was avoided. In this section, the thermal structure of

the liquid phase is investigated analytically and is compared with the measured
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results. Here only quartz pools (i.e., shallow, medium and deep pools) are
considered for which more information including their flow fields is available.
According to the results presented in this study, there is a strong
correlation between the temperature and velocity field variations within the liquid
fuel in pool fires. The liquid thermal structure within the quartz pool is two-
dimensional, steady and locally must comply with the law of conservation of

energy following:

pe, W VT)=k VT +®+ 0" (5.9)
where all the properties (e.g., density and thermal conductivity) are associated
with the liquid fuel, and v and T are the two-dimensional velocity and temperature
fields within the liquid, respectively. @ (kW/m?) is the energy dissipated by
viscous stress and is included in Eq. (5.9) to keep the generic form of the law of
conservation of energy, but it is neglected in this analysis. ¢~ (kW/m’) is the
sensible energy generated within the liquid fuel. Since the fluid within the liquid

phase is non-reacting, the internal energy generation must be equal to zero (i.e.,
0" =0). Finally, in Eq. (5.9), v is the vector differential operator defined as:

o 0

v - [— —] (5.10)

ox oy

The mean velocity vector field and the temperature distributions for
medium and deep pools with boundary temperatures of 7°C and 4°C (Case 2 in
Table 4.3), respectively, are superimposed in Fig. 5.8. It is apparent that the
vortices essentially only exist within the upper near-uniform temperature layer.
From the wall heat flux profiles for the quartz pool (Sec. 5.1) it can be seen that
the heat transfer from the wall to the liquid phase mostly occurs within the near-
uniform temperature layer in the top region of the pool. Within this layer, the
vortices contribute to heat transfer from hot surfaces (i.e., the pool’s wall and the
liquid interface) to the bulk of the liquid fuel and keep the upper region at almost

a constant temperature.
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Fig. 5.8 Vector maps of the average velocity field (every 4t computed vector
shown) with a background color map of the temperature distributions within the
liquid phase of (a) the medium pool and (b) the deep pool when the bottom

temperatures were imposed by a bath temperature of 0°C

Beneath this layer where the velocity is low, as shown in Fig. 5.8, the
isotherms are almost horizontal (except a region near the wall x < 6 mm). The
temperature difference between the liquid phase and the wall decreases in the
lower region due to the rapid temperature drop vertically through the quartz walls.
The wall heat flux profiles and the absence of a thermal boundary layer near the
wall indicate that a relatively small heat transfer occurs from the wall to the liquid
fuel in the lower region. Therefore, the driving force for convective motion is

reduced deeper in the pool. As a result, without the propensity to mix, for the
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lower part of the pool, the liquid temperature variation is due to vertical heat
conduction within an almost stable fluid.

It can be concluded that the energy distribution mechanism within the
upper layer of the liquid fuel is two-dimensional and is primarily by convection.
In the lower region of the liquid phase, energy transfer is mostly one-dimensional
in the vertical direction by conduction due to the temperature gradient and
convective transport due to the slow vertical fluid motion. These differences in
the two layers of the liquid provide a natural partitioning in the system’s energy
transfer where the upper layer is relatively complex and difficult to quantify and
the lower layer is relatively simple.

According to the experimental results in this study and as suggested in the
literature [139], the temperature within the upper layer is uniform and equal to the
surface temperature (~60°C). Therefore, in this analysis the liquid temperature
within this layer is set to the surface temperature. For the rest of the pool depth
with a thickness of 0 from the bottom of the pool to the boundary between the
upper and the lower region, the temperature distribution of the liquid fuel can be
obtained from a one-dimensional model based on the conservation of energy.
Within this region it can be assumed that the horizontal temperature variations in

the x-direction are negligible as:
— = (5.11)

This assumption can be justified by the horizontal isothermal lines that are
apparent in the lower region of the pool.
As a result, within the lower region (i.e.,0 < y <& ), the conservation of

energy is simplified to:

2

dr d'T
Pi€pav =k, > (512)
dy dy

Substituting 7| = p,c,,, and using the non-dimensional temperature, 0, defined in

Eq. (4.2) and vertical location normalized with respect to the thickness of the

lower region (y* = y/s ) Eq. (5.12) becomes:
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2

d’e do
- Pe =0 (5.13)
dy " dy
where Pe is the Peclet number defined as:
c, S
Pe = ——— (5.14)

k

|
The Peclet number indicates the importance of the heat convection (second term
in Eq. (5.13)) to the heat conduction (first term) in the lower region.

As Pe approaches zero, the problem can be assumed to be one-
dimensional conduction through a stationary liquid. However, the Pe number is
around 1-2 for the pools studied here. An increasing Pe means that the convection
effects become increasingly important. The convection heat transfer in this case
can increase the heat transfer through the lower layer by ~50-100% compared to
the one-dimensional conduction model. The fluid motion brings the cold liquid
from the bottom of the pool to a distance closer to the fuel surface, so the
temperature gradient immediately underneath of the uniform-temperature layer
increases. Consequently, the heat transfer through the bottom layer increases
with the Pe. More discussion on the effect of vertical fluid motion on the thermal
structure within the lower liquid layer can be found in Appendix D.

Using the following boundary conditions to solve Eq. (5.13),

0(0)=0
(5.15)
o) =1
the solution would be as:
RN (. 0 b (5.16)
exp( Pe)—1

Having the temperature within the upper layer equal to the surface temperature

the solution can be extended to the entire pool depth as:

( ( Pe.y/5)-1)

o= (r, -7, ) (PO
l | exp( Pe)-1 |
|
|
|

(5.17)
T(y)=T, y >0
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The thickness of the lower layer, o, is required for this solution to be
complete. The estimation of this quantity requires the analysis of the transport
phenomena within the uniform-temperature layer, which as mentioned earlier is
2D and complex. Therefore, to avoid this complexity and derive a solution, Eq.
(5.17) was compared with the experimental data and the thickness value that gave
the least root-mean-square (RMS) difference at any specific condition was
determined. For the three circular pools of different depths (i.e., shallow, medium,
and deep), the RMS difference obtained from these comparisons using different
values for ¢ are shown Fig. 5.9.

The values of ¢ that gave the lowest RMS difference for the comparison
between the experiments and the solution, Eq. (5.17), and the thickness of the
uniform-temperature layer are presented in Fig. 5.10 with respect to the bottom
temperature. Based on the results presented in Fig. 5.10, the liquid phase of the
pool fire may be classified to two regimes namely thin and thick liquid layer. In

the first regime the thickness of the uniform-temperature layer is affected by the
bottom temperature, while a thick liquid layer is independent from 7, , .

It is apparent in Fig. 5.10 that 0 decreases with bottom temperature
increasing in the pools with 6 mm and 12 mm depth (i.e., the shallow and medium

pools). According to the results, these variations are also almost linear and happen

at a same rate with respect to 7,, . It can be seen that the slopes of the dashed line

(6=-0.077,, +8.93 , R* = 0.888) and the solid line (5 =-0.077,, +6.03 , R* =
0.986) that represent the variations in the thickness of the lower layer versus the
bottom temperature for medium and shallow pools, respectively, are almost
identical. As a result, the thickness of the uniform-temperature layer (i.e., L-0)
increases as the bottom of the pool becomes hotter. This result puts the shallow

and medium pools into the thin liquid layer category.
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Fig. 5.9 The RMS difference of the analytical solution in comparison with the
experimental results for liquid temperature with respect to the thickness used in
the solution to predict the liquid thermal structure within (a) shallow, (b) medium,

and (c) deep pool; the numbers in the legends are according to Table 4.3
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As it can be seen in Fig. 5.10, the lower layer thickness, J, is almost
invariant with respect to 7,, for the deep pool (L = 18 mm). Therefore, the deep

pool can be classified as a thick liquid layer, and for this specific pool geometry,
it can be concluded that the transition from the thin to the thick layer regime
happens at a pool depth between 12 mm and 18 mm. The pool diameter may also
play a role in this classification so further investigation involving various pool
diameters is required to characterize the pool depth at which the liquid phase

pattern changes in general.
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Fig. 5.10 The thickness of (a) the lower layer and (b) the uniform-temperature

layer with respect to the bottom temperature

As discussed in Sec. 4.6, a thermally stratified region is established
beneath the uniform-temperature layer within the pool. This lower region is stable
due to the buoyancy that resists any effects, such as liquid motion, that disturbs
the thermal stratification. In the thin liquid layer regime (i.e., medium and shallow
pools in this case), the spread of the uniform-temperature layer which may be
established as a result of mixing motion (i.e., counter-rotating vortices) is
prevented by the thermally stratified layer within the pool. Buoyancy effects
increase with the temperature gradient within the pool due to either an increase in
temperature difference between the pool bottom and surface or a decrease in the

pool depth. When the temperature gradient is very large, there are also
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possibilities for the uniform-temperature layer to disappear completely as it was
observed for the lowest bottom temperature in the shallow pool. In this case the
average temperature gradient is 9°C per millimeter. By increasing the pool depth
from the thin to the thick layer regime, the thermally stratified region is
established adequately further away from the liquid surface that it no longer
affects the uniform-temperature layer extension. Therefore, the thickness of this
layer remains constant.

Using the thickness, J, the temperature profiles within the liquid fuel are
calculated and their comparisons against the measured values are illustrated in
Fig. 5.11, Fig. 5.12, and Fig. 5.13. In these figures the lines are the calculated
temperature profiles according to Eq. (5.17) using the model for J, the symbols
are experimental data, and the error bars represent the 95% confidence bounds for
the data. It is apparent that the comparison is in a reasonably good agreement with
the measured liquid temperature within the pools of different depth and at
different boundary temperatures.

Except for the case of the shallow pool at its lowest boundary condition
(Fig. 5.11a) where the largest difference between the solution and experimental
data is around 10°C, the discrepancies are less than 2-3°C for all the presented
cases. For the shallow pool at the lowest bottom temperature, the uniform
temperature layer completely disappears and the thermally stratified layer starts
right below the liquid surface. For this condition, the liquid surface temperature
was also influenced by the bottom temperature and was recorded to be 3-4°C
lower than the typical surface temperature (i.e., ~60°C). The agreement for this
case could be improved by using a lower surface temperature, which was avoided

to keep the solution consistent for all cases.
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Fig. 5.11 Measured temperatures within the shallow pool (symbols) compared to

the solution (lines). The numbers are according to Table 4.3
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Fig. 5.12 Measured temperatures within the medium pool (symbols) compared to

the solution (lines). The numbers are according to Table 4.3
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Fig. 5.13 Measured temperatures within the deep pool (symbols) compared to the

solution (lines). The numbers are according to Table 4.3

5.4 Energy Transfer to the Sub-layer

Having the liquid temperature distributions from the model presented in
the previous section, the heat transfer to the liquid bottom layer of the circular
quartz pool of different depths is predicted here. The model then is validated
against the measured burning rate, to evaluate the physics considered for the
liquid phase. The analysis is again based on conservation of energy but this time
the control volume only contains the uniform temperature layer established at the
upper region of the liquid pool as shown in Fig. 5.14. It is worth emphasizing that
the thickness of the CV (shown with dashed line) is variable, and equals the pool
depth, L, minus the thickness of the lower region, J, as determined in the previous

section.
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Fig. 5.14 Schematic diagram of a control volume containing the uniform-
temperature layer at the top region of the liquid phase and different energy

transfer mechanisms at its surfaces

The energy balance of the CV shown in Fig. 5.14 per unit area of the pool
requires:

(b, =) =Gl + A+ Gl — (5.18)

where » and », (kJ/g) are the enthalpy of the liquid at the inlet and outlet of the

CV, respectively, and 47, (kW/m®) is the heat transfer from the uniform

temperature layer to its cooler sub-layer. This heat transfer can be calculated from
the derivative of the solution for the liquid temperature in the lower liquid layer
given by Eq. (5.17) as:

Y dT
qsub :_kl; (5’19)

y=0

" ,qr, and ¢’ = are the flame heat feedback in forms of convection, radiation
and conduction, respectively. The convection and radiation heat pathways are
determined using Egs. (5.5) and (5.6), respectively. The conduction is determined

from the wall heat flux distributions calculated in Sec. 5.1. as:

q’:ond = J‘{i q:«:r(y) dy (5.20)

It is important to note that here as the CV only contains the upper layer, the wall
heat transfer is determined within the first L-0 from the top edge of the pool wall
(i.e., from y = 0 to y = L). It is also assumed that the wall heat flux distribution

within the top region, ¢’ (y), is the same for all three quartz pools (i.e., shallow,
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medium and deep pools). Showing that the quartz wall heat flux profiles are
almost independent from the bottom temperature in Fig. 5.2, this assumption is
reasonable.

As the temperature within the CV remains constant, the sensible enthalpy
of the liquid does not change and the enthalpy difference between the inlet and
outlet equals to the heat of evaporation. Therefore, the burning rate can be

determined as

s < s s
m},), _ qcnnv + qmd + q(‘and B qsub (5.21)

AH

v

The correlation for convection and the temperature solution are also functions of
burning rate, so an iterative procedure was used to calculate ;. The burning
rates for the shallow, medium and deep pools calculated from Eq. (5.21) in

comparison with the measured values are illustrated in Fig. 5.15.
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Fig. 5.15 Calculated methanol burning rate with respect to the bottom temperature
in comparison with the measured values for shallow, medium and deep quartz

pool. The convection heat feedback was determined according to [126]
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It is apparent in Fig. 5.15 that the calculated »; variations with 7,, follow
almost exactly the same trends as the measured ones do. However, the
calculations underestimate the burning rate in the worst case with 0.5 g/(m’s),
which means that less than 0.6 kW/m? worth of heat flux is missed in this analysis
(less than 6% of 4 ). This discrepancy is independent from the pool depth and
the bottom temperature, suggesting it should be associated with the direct heat
feedback from the flame to the liquid surface. Therefore, it may be due to the
correlations used for convection and radiation heat pathway in this model.

Ditch et al. [103] proposed that the convective heat flux is almost constant
and is equal to 12.5 kW/m®. When this value was used for 4 in Eq. (5.21), the
burning rate was re-calculated and the results are shown in Fig. 5.16. In
comparison with Fig. 5.15 the calculated values are now in the range of the
experimental results, especially at lower boundary temperatures, but the slopes of
the variations do not agree as well as those shown in Fig. 5.15. It can be
concluded that the comparison could be very close if an accurate model for the
convection heat feedback was available.

Finally, the change in the heat flux to the sub-layer, 4", , calculated from
Eq. (5.19) with respect to 7,, for shallow, medium and deep pools are presented
in Fig. 5.17. The heat flux to the sub-layer can be elucidated by the sensible
energy that is required by the cooler liquid to warm up from the inlet temperature
to the pool surface temperature. It is apparent that 7, can be as large as 3
kW/m?, which is equivalent to ~20% of the total flame heat feedback to the pool.

Therefore, in order to establish an exact energy balance of the pool fire, the

sensible energy within the liquid phase must be accounted for.
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Fig. 5.17 also highlights the causes for the fuel burning rate reduction as
the bottom temperature is lowered or when the pool becomes shallower.
Considering the CV around the uniform temperature layer the sensible enthalpy
difference of the flow into and out of the CV is constant. Only the heat lost from

the bottom of the CV to the lower liquid layer, 4, , is variable. According to Eq.

(5.19) , this heat flux is proportional to the temperature gradient within the lower

region, and increases as a result of either larger 7 - r,, or smaller J. Therefore,
due to the higher heat flux to the sub-layer at lower r,, (7, is constant) or in

shallower pool, there is a lower amount of energy available for the fuel

evaporation and consequently the burning rate reduces.

5.5 Conclusion

In this chapter, a systematic energy analysis of the liquid phase of pool fire
was presented to explore and quantify different heat transfer pathways from the
flame and hot products to the liquid pool. The wall heat flux was estimated from
the measured temperature gradient at the wall-liquid interface. The convective
and radiative heat pathways were calculated using the correlations from the
literature. This model predicted the steady-state burning rate of the medium pool
with different wall materials (copper, stainless steel, and quartz) within 10% of
the measured burning rate. The model suggested that the required sensible and
latent energy of the liquid fuel was provided mainly by direct convection from the
flame and combustion products to the liquid surface and also by the heat
transferred through the wall into the liquid pool (conduction). The importance of
the conduction pathway increased with a decrease in the wall thermal
conductivity.

The liquid temperature distributions within the quartz pool with different
depths were also driven analytically, which were in reasonably good agreement
with the measured profiles. According to this analysis, liquid motion was
important even within the lower region of the liquid phase where no significant

mixing motions were observed. Using this solution in the energy model for the
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liquid phase, it was found that the sensible energy change within the pool was

noticeable and should be included in the energy analysis of the system.

142



6. Conclusion and Future Works

This study was aimed to help understand the transport processes involved
within the liquid phase of pool fires. The phenomena of interest were mainly
those that transfer energy to the liquid pool from the flame and those that
redistribute this energy within the liquid fuel in a steady-state laboratory-scale
methanol pool fire. After reviewing the literature, the key variables for this
investigation were identified. An experimental apparatus was designed and
constructed to have well-defined boundary conditions on the liquid-side.
Appropriate testing methods were developed to collect data including the burning
rate, flame height, as well as the temperature and velocity within the pool. The
experimental results were analyzed to explore the effects of changes in the liquid-
side boundary conditions (i.e., bottom temperature, wall material and pool depth)
and to develop models for better understanding of small-scale pool fires.

The highly controlled experimental setup enabled establishing steady-state
steady-flow burning condition by maintaining a constant fuel level to the top edge
within the pool during the tests. Furthermore, it allowed well-prescribed liquid
pool parameters including the pool bottom temperature (i.e., 0°C to 50°C), wall
thermal conductivity (i.e., wall made of copper, stainless steel, and quartz), and
depth (i.e., 6, 12, and 18 mm). The tests were conducted under quiescent
environment conditions at the atmospheric pressure and typical room temperature
(~22°C) by using two burners: a square burner with a width of 70 mm and a
circular burner with a diameter of 90 mm, all with 2.5 mm thick walls.

The experimental results for the measured variables were presented and
their trends with respect to the pool parameters were discussed in this thesis,
which are summarized here. The measured burning rate and the flame height have
been compared to data and correlations from the literature, and good agreement

was shown. From the experimental results, the general effects of various test
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parameters on methanol pool fires were observed as the following: the burning

rate, n»;, and the flame height, / , increased by increasing the bottom

temperature, 7, , increasing the pool depth, L, and by lowering the pool wall

bot %

thermal conductivity.
The rates of these variations were also functions of the test parameters.

For example, while »; and /s rose by 25% and 27% for the copper pool over the
range of 7, , these variations were found to be 13% and 9% for the quartz pool

(quartz had a thermal conductivity two orders of magnitude smaller than that for

the copper wall). Moreover, »; and I/, increased by 20% and 25% for the
shallow pool (i.e., L = 6 mm) by increasing 7,, from around 0°C to 50°C, but the

rates of increase were lowered to 4% and 6% for the deep pool (i.e., L = 18 mm)

over the same range of 7, . Therefore, it may be concluded that the sensitivity of

the pool fire variables (i.e., burning rate and flame height) to the liquid-side

boundary condition, 7, , increases for shallower pools or those with higher wall

thermal conductivity.
The temperature measurements at different vertical positions within the
pool walls revealed that the different pool walls adopted different thermal
structures as a result of being in proximity with the flame and hot combustion
products at the top and cool liquid at the bottom. The temperature within the
copper wall was constant over the pool full depth and in the range of 40°C to 66°C

depending on 7, , while the stainless steel wall temperature increased almost

linearly from the bottom to the top. For the quartz pool, the top region of the wall
near the flame was significantly hotter than the other two pool wall materials
(~110°C at 1 mm below the rim), dropping rapidly through the top 1/3 of the wall
to become almost the same temperature as the liquid in the lower region.

The temperature distributions within the liquid fuel showed that, in
general, a two-layer thermal structure was developed within the pool at steady-
state. The top layer below the fuel surface was almost uniform while the lower
layer had a relatively steep temperature gradient. However, this general structure

was affected strongly by the boundary conditions experienced by the pool. It was
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shown that while above a certain pool depth (e.g., the deep pool) the thickness of
the uniform-temperature layer was independent from the bottom temperature. In

contrast, this thickness decreased by 60% as r,, was reduced from 50°C to 0°C in

the shallow and medium pools. In the shallow pool, this layer could be made to

vanish at the lowest 7,, . The two-layer thermal structure was also formed within

the copper, stainless steel and quartz pools at higher boundary temperatures.
However, as the bottom temperature decreased to its minimum, this layer
diminished and eventually completely disappeared in the copper and stainless
steels pools. That is, the sensitivity of the thickness of the uniform-temperature

layer to 7,, was also increased with an increase in the wall thermal conductivity.

The velocity field, measured by 2-component PIV, within the liquid phase
revealed the presence of large mixing motions within the liquid pool. Two main
vortices were detected. One vortex close to the wall associated with the buoyant
flow near the hot burner walls was seen as responsible for transferring heat away
from the hot wall. The other vortex was counter-rotating and participated in
transporting this energy toward the pool’s center. Both vortices were observed to
be only present in the top region of the liquid layer. The presence of these vortical
structures appears to be the reason for the near-uniform temperature seen in the
top layer of liquid thermal structure. In the lower region of the pool, no significant
motion was observed (other than vertical motion needed to keep the pool level
fixed, which is of the order of 1 mm/min), which allowed the steeper temperature
gradient in the lower part of the liquid fuel thermal structure to be established.

The local wall heat flux as a function of vertical location (pool depth) was
estimated from the vertical liquid and wall temperature gradients measured in this
study. The results showed that most of the heat transfer from the quartz wall to the
liquid occurred in a few millimeters of the top region. Moreover, the copper wall
at the lower bottom boundary conditions actually extracts heat from the liquid
near the top, while in the lower region the heat transfer was from the warm wall to
the cooler liquid fuel. Overall wall heat transfer was also higher for the quartz
pool compared to the metallic pools (i.e., stainless steel and copper). As a result,

the burning rate (and flame height) increased when the pool wall thermal
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conductivity dropped. The higher sensitivity of = and Irto bottom temperature

for the copper pool was attributed to the variations in copper wall heat flux with

respect to 7,, while the quartz wall heat flux is almost independent from 7, , .

An energy balance analysis was also presented that used the estimated
wall heat flux to predict the burning rate within £10% of the measured values.
The model suggested that there were two main heat transfer pathways for the
methanol pool fires investigated here. These pathways were direct convection
from the flame and hot products to the liquid surface and the heat that was
conducted through the pool wall and then transferred to the liquid with natural
convection. However, the proportions of these heat pathways, the ratio of
conduction to convection, changed with pool wall materials from 4%-10% for the
copper pool to 26%-37% for the quartz pool. The radiation was estimated to be
around 5% relative to the convection heat pathway.

An analysis for the temperature within the liquid layer was developed
based on the conservation of energy. According to this analysis, the liquid phase
was divided vertically into two layers each with different patterns of energy
transfer. The upper and lower layers contained the uniform-temperature and
relatively steep gradient regions, respectively. The temperature within the upper
layer was set to the liquid surface temperature, and it was assumed that the energy
model for the lower layer was one-dimensional conduction and convection normal
to the pool surface. Therefore, the solution of the energy equation showed that the

liquid temperature increased exponentially from r,, at the bottom of the pool to
the fuel surface temperature, 7 , at the bottom of the uniform temperature layer.

The analytical solution was compared to the measured temperature distributions at
different vertical locations within the pool and a good agreement (discrepancy
less than 3°C) was observed. This comparison supported the hypothesis applied in
the analytical solution development that the heat transfer in the lower region was
not only in the form of conduction but also in the form of convection. The Pe
number was 1-2 for the pools investigated in this study, so it was shown that
convection was important even in the region without large-scale mixing motions

(i.e., the lower region of the pool with relatively steep temperature gradient).
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Finally, another energy balance analysis was presented to predict the mass
burning rate. This model included the flame heat feedback (in the forms of
convection, radiation and conduction) and sensible and latent heat requirements
for liquid fuel evaporation. The solution for the liquid temperature was used to
quantify the sensible heat requirement within the pool for preheating the liquid
fuel to the surface temperature. The model predictions for methanol burning rate
were in good agreement with the measured values (the agreement depended on
the accuracy of the correlation used for the convective flame heat feedback from
the literature). After the model validation was confirmed, it was shown that the
sensible heat requirement within the pool could be as large as 20% of the overall
heat transfer from the flame to the liquid pool. Therefore, in order to establish an
accurate energy balance of the system, the liquid sensible energy had to be
accounted for. It was also found that this sensible energy increased with lowering
the pool depth and bottom temperature. This resulted in less available energy for

the fuel evaporation, which eventually led to the burning rate, »;, (and

consequently flame height) reduction.
In conclusion, some recommendations for future research on pool fire are
proposed based on the current study.

e A fuel with a non-luminous flame (i.e., methanol), which generated very
low level of thermal radiation, was studied here. Other fuels especially
those with high tendency to produce soot can be investigated to find the
effects of the radiation on the liquid phase.

e Various pool geometries including different pool diameters and shapes can
be studied. The importance of the liquid phase phenomena is mostly
ignored for the larger pools, and this assumption requires evaluation.

e From the literature and the observation during the data collection, it was
seen that the burning rate could be different if a gap was allowed between
the liquid surface and pool rim (i.e., freeboard). This effect needs to be
investigated to characterize the mechanisms involved.

e In this study, two different regimes were detected for the liquid thermal

structure behavior to the pool depth and bottom temperature variations. In

147



the first regime the uniform temperature layer was affected by the bottom
temperature (denoted as a thin liquid layer) and in the second regime the
pool is sufficiently deep that the uniform temperature layer remained
unaffected (a thick liquid layer). More pool depths, sizes, and fuels need to
be investigated to characterize these regimes.

A marching method was used for liquid temperature measurements, which
was limited to the steady-state condition. If instantaneous temperature
fields could be measured, the transient trends of the temperature fields
within the liquid phase could be captured. Such an investigation allows a
better understanding of the transport phenomena that resulted in uniform
temperature layer formation.

More accurate PIV measurement is required in order to quantify the
velocity vectors within the liquid phase. The out-of-plane motion may be
important, which suggests that a 3D technique (e.g., Stereo PIV) would be
better.

It would be also interesting to investigate the effects of wind on the liquid
phase. This can change the distribution of the heat transfer from the flame
to the liquid and can affect the burning rate and flame structure, but its

effects on the transport phenomena within the liquid are underrepresented.
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APPENDIXES

In Appendix A, the properties of methanol, the fuel used in this study, can
be found. The manufacturing drawings of the experimental rig designed in this
study are shown in Appendix B. Zoomed-in views of the velocity vector fields
within the liquid pool especially in the top region and adjacent to the wall are
shown in Appendix C. Lastly, an analysis for heat transfer through a liquid layer
is presented in Appendix D, which helps understanding the model presented in

Chapter 5 for the liquid phase thermal structure.
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Appendix A: Methanol Properties

In this appendix the properties of methanol, the fuel used in this study, are

presented [35]. The thermo-physical properties listed here are for the standard

condition (7.e., 25°C and 101.3 kPa) unless otherwise stated.

Molecular weight

Critical temperature

Critical pressure

Boiling point

Freezing point

Flash point

Flammability limit (volumetric)
Thermal expansion

Heat of combustion

Refractive index [185]

Vapor pressure

Heat of evaporation

32.04 g/mol
5125 K
8.084 MPa
64.6°C
-97.6°C
11°C
6%-36.5%
0.0015 1/°C

22.7 kl/g (HHV)
19.9 kl/g (LHV)

1.325

n =-0.00042 T +1.33512

(T'in °C)

16.96 kPa
P =eplc,+c,/T+c,mT+c,7"] Pa

where

C] C2 C3 C4 C5
81.768 -6876 -8.7078  7.19x10° 2

1.17 kl/g
1.1 kl/g (at 64.6°C)
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Density

Heat capacity

Viscosity

Surface tension

Thermal conductivity

(-7, )" J/kmol

AH, =C,
where
C; G C; C,
5.239e-7 0.3682 0 0
786.6 kg/m’
p=C, /Cz[]”w/c”(” kmol/m’
where
C, C, C; C,
2.288 0.2685 512.64 0.2453

253 kJ/(gK)

2 3
c,=c,+c,r+c,r° +c,r’ J/(kmolK)

where
CI CZ C3 C4
1.06x10° -3.62x10? 0.938 0

5.44x10" Pa.s

u=ep [C,+C,/T+C,InT] Pa.s
where
G G Cs

-25317 1789.2  2.069

22.07x107 N/m

22.6x10°  N/m (at 20°C)
20.96x10~ N/m (at 40°C)
19.41x10° N/m (at 60°C)

0.2  W/(mK)
k=C, +C,T W/(mK)
where

C; G,
0.2837 -0.000281
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Appendix B: Experimental Apparatus Drawings

In this appendix the manufacturing drawings of the burners (i.e., the
square and circular pools) are presented. These drawings were developed in
SolidWorks software. First are the drawings for the square burner followed by the

circular burner’s drawings.
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Appendix C: Velocity Vector Fields within the Liquid

Fuel

In addition to the main vortices, there are smaller vortices that are difficult
to observe due to the size and the number of the velocity vectors as shown in Sec.
3.7. In this appendix the same results are presented but here the data images have

been optimized to show smaller scale features which are mainly small vortices.
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Appendix D: 1D Thermal Structure of a Liquid Layer

This appendix contains supplementary information for modeling the one-
dimensional energy transfer within a liquid layer. The interested problem here is
shown schematically in Fig. D.1. The control volume, CV, (shown by the dashed
line) contains a layer of liquid with a thickness of Y within a one-dimensional
liquid flow with a characteristic velocity of U. The liquid enters to the CV at
temperature 7; from the bottom and leaves the top of the CV at 7,. Here it is
assumed that 75 > T just to make it analogous to the liquid phase of pool fire. The

both sides (i.e., left and right) of the CV are adiabatic boundary conditions.

Insulated

— o e e e e e e e e e e e e o e e o o

Liquid Flow f U

Fig. D.1 Schematic diagram of the 1D energy transfer problem in the liquid

The 1D conservation of energy equation within the liquid layer is:

2

dr a’r
plcp,IU_:k[ B (Dl)
dy dy
The liquid temperature, 7, and vertical coordinate, y, are normalized as:
,_ =T D2
“T.oT, (D-2)
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R
Y

y =

Therefore, the dimensionless form of Eq. (D.1) becomes:

do d’o

Pe - =
dy dy

2

where Pe is the Peclet number defined as:

p,cpJUY
Pe = ——M
k

1

(D.3)

(D.4)

(D.5)

The solution to the differential equation, Eq. (D.4), using the boundary

conditions of the problem is shown for different values of the Pe number in Fig.

D.2. As it can be seen, when the Pe number is zero the temperature distribution

within the liquid layer becomes linear which means the energy is transferred

through the liquid only by conduction. This case is associated with no liquid flow

(i.e., U = 0), and as the liquid characteristic velocity increases, (i.e., increasing

Pe), the temperature profiles more change from the case that is dominated by heat

conduction.

0 0.2 0.4 0.6 0.8

y*

Fig. D.2. Temperature distributions of a liquid layer for different values of the Pe

number
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In order to show the effect of fluid motion on the energy transfer within
the liquid layer the heat flux from the top surface of the CV through the liquid

layer, 4! , as:

p 9
ql, =k — (D.6)

is calculated and illustrated in Fig. D.3 for different values of the Pe number
relative to the case that Pe is zero (i.e., conduction energy transfer within a

stagnant liquid), ¢ . It is apparent that the transport of energy with fluid motion

when Pe is around 1-2 (i.e., the pools investigated in this study) should be taken
into account. The energy transfer within the liquid layer is combination of
conduction and convection.

4

3571

+9 *9
q top/q top,c
N
N ¥ w

[a—y
W

—

e
LJ1

0O 05 1 15 2 25 3 35 4
Pe

Fig. D.3. The ratio of the heat flux from the top of the control volume to the heat

flux within a still liquid layer (no fluid motion) with respect to the Pe number
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