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Abstract

The aim of the present study is to develop a simplified methodology of predicting the heat

transfer to a body engulfed in pool fire. The body represents a thermal cask simulated

as a stainless steel cylinder filled with insulation. To begin with, pool fires are studied

without any body immersed in them. The fuels used for this study are diesel, gasoline

and hexane. The pool diameters considered are in the range of 0.3 m to 1.0 m.

Some of the important properties are flame emissivity, radiative fraction, gas velocity,

temperature and emissive power distributions. Flame emissivity along the height of the

pool fire is measured using the Infrared thermography. Radiation fraction is measured

using single-location and multi-location measurements. Gas velocity of the pool fires is

measured using a bidirectional probe.

Subsequently, pool fires are studied with casks engulfed in them. In this study, the ratio

of the projected area of the cask to the pool surface area is less than 14.4%. There is no

significant change in the mass burning rate of the pool fire in spite of the presence of the

cask. Thermocouples are welded inside the cask to measure the subsurface temperature.

Inverse heat conduction methodology is applied to the measured subsurface temperature

to estimate the heat flux to the cask.

The heat flux to the cask engulfed in a pool fire is also predicted using numerical sim-

ulations. Adiabatic surface temperature (AST) is measured for pool fires using plate

thermometers. This measured AST along with the convective heat transfer coefficient

is given as mixed boundary condition in the numerical simulations of the cask. A good

conservative estimate is obtained from numerical simulations. The radiative heat transfer

to the cask predominates the convective heat transfer due to the low gas velocities.

Adiabatic surface temperature for a given diesel pool fire is also computed using Fire

dynamics simulator (FDS). Numerical simulations of the cask are carried out using this

computed AST to obtain the heat flux to the cask. The maximum deviation of the heat

flux computed is less than 10% as compared to experimental results. Thus, using AST

computed from FDS along with a conduction model circumvents the need for pool fire

experiments.
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ṁ′′′α Bulk production rate of species α per unit volume (kg/m3.s)
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CHAPTER 1

Introduction

1.1 Motivation

As man started using fire as fuel, safety has been at stake. On October 29, 2009 at

7:30 PM, a fire broke out at Indian Oil Corporation depot in Sitapura of Jaipur, Rajasthan.

This incident killed 12 people, leaving over 300 injured. In about 6 minutes, fire spread

from the leaking petrol tank to the other nearby fuel tanks with flames rising 30 m to

35 m height (Fig. 1.1). This huge fire wiped out nearly one lakh kiloliters of fuel that

includes diesel, petrol and kerosene (Mukta, 2011). Liquid fuel fires represent potential

hazards in many applications ranging from accidents during transportation to accidents

at industrial plants.

Fig. 1.1 Fire explosion at oil depot Jaipur, Rajasthan

(Mail online, 1 November 2009)
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In 1997, a cargo truck was hit by a car in a overpass of New York, releasing 8800 gallons

of gasoline from the truck. The ensuing fire destroyed the cargo tank semitrailer, Eagle

Premier sedan and the overpass with an estimated damage of $7 million. Fire accidents

form an important part of all accidents which occur in the chemical industry and in the

transport of hazardous materials: fire is involved in 41.4% of all these events, according

to a historical analysis based on a survey of 6099 cases (Cuchi et al., 1997). The same

analysis shows that of the different types of fire (jet fire, flash fire, etc.); pool fire is the

most frequent. This is in good agreement with the fact that liquids were involved in 53%

of accidents.

The action of flames on process equipment can result in escape of hazardous substances

and cause a much more serious accident. The situation becomes dangerous if the flames

impinge on the surface of equipment, as in this case the heat flux is very high. Hence,

these materials are packed in specially designed containers called transportation packages.

1.2 Transportation Packages

Transportation had become a part of human life since the man scattered all over the

surface of the earth. The importance of radioactive material cannot be over emphasized

as it finds it’s usage in several fields throughout the globe, to name a few fields: engineering

industry, agriculture and medicine. The radioactive material is generated in a location

with sophisticated facilities. Then they are transported to desired locations (road, rail,

air and sea). Several packages of radioactive materials are being transported yearly. Any

accident during the transportation, makes the public vulnerable to danger. A radioactive

material packaging is a container that is used to safely transport radioactive material from

one location to another. The container alone is called as packaging and the packaging

together with its contents is called as package.

There are four types of packaging that are being designed for specific purposes. They are

explained below and are shown in Fig. 1.2 (Sandia, 2013):

1. Expected Packaging are designed to survive normal conditions of transportation.

These packages are used for materials that are of low specific activity.

2. Industrial Packaging are designed to survive normal conditions of transport and

are also equipped to withstand drop test. These are used for materials with very

small amounts of radioactivity.

3. Type A Packaging are designed to survive normal transportation and minor acci-

dents. These are used for radioactive materials that would not result in significant

health effects if they were released.
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Fig. 1.2 Different types of radioactive material packages (Sandia, 2013)

4. Type B Packaging are designed to survive severe accidents. These packages

are used to transport radioactive materials in large quantities. These are usually

made up of stainless steel 304L cylinders. The radioactive material is surrounding

by several protecting layers. Type B packaging must require to pass through the

standard requirements provided by any international agency.

1.3 Safety of Transportation Packages

In view of safety, these casks must be certified by any internationally accepted regulations.

In 1957, International Atomic Energy Agency (IAEA) was established to provide safety

regulations for the transport of radioactive materials. Since then, these standards have

been updated periodically. These regulations basically state that each cask must meet

certain requirement when it is subjected to a specified hypothetical accident conditions.

Hypothetical accident thermal requirements stated in Para-728 of TS-R-1 (IAEA, 2005)

that “Exposure of a specimen for a period of 30 minutes to a thermal environment which

provides a heat flux at least equivalent to that of a hydrocarbon fuel/air fire in sufficiently

quiescent ambient conditions to give a minimum average flame emissivity coefficient of 0.9

and an average temperature of at least 800 ◦C, fully engulfing the specimen, with a surface

absorptivity coefficient of 0.8 or that value which the package may be demonstrated to

possess if exposed to the fire specified.”
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Fig. 1.3 Large circular cylinder engulfed in a pool fire (Kramer et al., 2003)

These regulations do not provide the specific information on how to generate these hypo-

thetical conditions. Accidents fire scenarios can be classified as open pool fires. The fire is

left to burn until there is availability of oxygen that aids the combustion. Simulating such

an uncontrolled environment for a testing a cask is difficult, if not impossible. Studies

have been made to model a furnace that would replicate pool fire conditions (Logenbaugh

et al., 1990). The transportation package of radioactive material is generally idealized as

a circular cask. Kramer et al. (2003) measured the heat transfer to a massive cylindrical

calorimeter engulfed in a circular pool fire (Fig. 1.3). In the pool fire tests, temperature

distribution within the cask and the heat flux on to the cask are measured. The aim of

these studies to prescribe the furnace conditions that replicate these measured parameters

in a furnace. The challenge lies here is that for each pool fire size, there needs to have an

effort to measure these parameters.

Majority of the transporting vehicles are run on diesel fuel and hence there is a need

to understand the diesel pool fires and how they compare with other fuels. Though

several pool fire experiments are reported in the past, there is no systematic study on the

radiative parameters with pool sizes. Hence, the present work focuses on systematic study

of various radiative parameters in different diesel pool sizes. This work is also aimed to

reduce some of the rigorous computations to prescribe pool fire parameters for furnaces.

These studies are in general and hence applied to any transportation package but not just

radioactive transportation package.
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1.4 Open Pool Fires

This section details the challenges in dealing with fire accidents. Most of the accidents

involve burning of fuel in an open atmosphere. These types of fires are called open pool

fires. Pool fires are classified into premixed and diffusion flames basing on the way the

fuel and oxidizer are mixed (Mukunda, 2009).

• In a premixed flame, the fuel and oxidizer are mixed before reacting each other.

The air-fuel ratio can be controlled by changing the fuel to oxidizer ratio. The

reaction rate is slow compared to the rates of heat and species diffusion.

• In a diffusion flame, only fuel is supplied to the burner and the oxidizer is supplied

from the ambient air. The mixing and combustion take place together. The reaction

rate in diffusion flames is much faster than the rate of diffusion. The central fuel

core and the outer reaction zone can be seen by looking at the colors associated

with these regions. Soot appears yellow in color and acts as a source of radiation.

A pool fire may be defined as “the turbulent diffusion fire burning above a horizontal pool

of vaporizing hydrocarbon fuel where buoyancy is the controlling transport mechanism”.

The fuel can be on the floor or on the roof (stagnation flow pattern). Oxidizer (air)

diffuses into the reacting zone from surroundings. Pool fires are classified into two, basing

on the quality of ventilation:

1. Open pool fires are well ventilated pool fires. These are also known as fuel con-

trolled. There is plenty of oxidizer (air) available for burning and hence, these fires

are controlled by fuel.

2. Enclosure pool fires are under ventilated open pool fires. The amount of oxidizer

available is limited in the enclosure and hence, these fires are ventilation controlled.

Though there is enough fuel to burn, but the lack of oxidizer makes incomplete

combustion.

1.4.1 Pool Fire Mechanism

Flame attains high temperatures because of the chemical reactions between the fuel and

the oxidizer. The flame above the pool surface radiates necessary heat to vaporize the

fuel. The vaporized fuel transports into the flame by diffusion and also by natural convec-

tion. The vaporized fuel reacts with the oxidizer that is diffused into the flame from the

surroundings. The unburnt carbon appears as soot and radiates energy to the surround-

ings. Figure 1.4 shows the schematic of pool fires indicating the transport mechanisms.

To add the complexity of the pool fire, turbulence significantly affects the pool flames.

Radiative properties like flame emissivity, optical thickness, soot volume fraction depend
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Fig. 1.4 Schematic of pool fires indicating the transport mechanisms

on temperature, wavelength and density. The distribution of these parameters is not uni-

form in the pool fire. Hence, it is almost impossible to obtain an analytical solution for

all of these parameters. Table 1.1 shows the different mechanisms at various species in

the open pool fire. The pool surface receives energy from the flame by convection and

radiation. Babrauskas (1983) classified the flames basing on the dominant mode of heat

transfer. Table 1.2 shows the classification of the pool fire. Optical thickness of a flame

determines the opacity of the pool fire, i.e., how much of the light can travel through the

flame.

1.4.2 Radiation in Open Pool Fires

The combustion products like carbon dioxide and water vapor were found to be significant

emitters and absorbers of radiant energy. The energy emitted from flames depends not

only on the gaseous emission but also arises from the heated carbon particles (soot),

formed within the flame (Siegel and Howell, 2002). The study of energy transfer through

media that can absorb, emit and scatter radiation has received increased attention in the

past five decades. In many engineering applications, the interaction of thermal radiation

with radiatively participating medium must be accounted for.

The main challenges for the study of the radiation in participating media like sooty pool

fire, as detailed by Siegel and Howell (2002), are:

• Firstly, with a participating medium present, absorption, emission, and scattering of

energy occur not only at system boundaries, but at all locations within the medium.

A complete solution of the energy exchange problem requires the knowledge of the
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temperature, radiation intensity, and physical properties at every point within the

medium. The mathematics describing the radiative situation is inherently complex.

• A second difficulty is that spectral effects are often much more pronounced in gases

than for solid surfaces and a detailed spectrally dependent analysis may be required.

• In obtaining a solution to the equation of transfer, the constant of integration in-

troduces the intensity at the origin of the radiation path being considered. Because

the origin is usually at the boundary of the radiating medium, the radiation at the

boundaries is coupled into the radiation distribution within the medium.

These challenges almost make it impossible to model the pool fire completely. The factors

affecting thermal radiation in pool fire can be listed as: Absorption, emission, scattering,

wavelength. An assumption is made for practical application and to reduce the complexity

in calculations that diffusion flames radiate a fixed fraction of the released energy, usually

assumed as 30%. Figure 1.5 shows the radiative fraction for different pool fires. Radiative

Table 1.1 Various mechanisms in open pool fires

Species Transport mechanism Zone of interest Relevant parameters

Fuel Diffusion Pool surface Mass loss rate of fuel

Natural convection Chemical reaction

Energy release

Soot production

Air Natural convection Edge of the flame Air entrainment

Products Natural convection Flame Heat release

Energy Diffusion Everywhere Temperature distribution

Natural convection Radiative feed back

Radiation Heat loss

Table 1.2 Classification of pool fires (Babrauskas, 1983)

SI No. Pool diameter D (m) Burning mode

1 < 0.05 Convective, laminar

2 0.05 to 0.2 Convective, turbulent

3 0.2 to 1.0 Radiative, optically thin

4 > 1.0 Radiative, optically thick

7



1. Introduction

Fig. 1.5 Radiative fraction of different fuels (Tewarson, 2004)

fraction is denoted by χrad in Fig. 1.5. It is observed that the radiative fraction for most

of the hydrocarbon fuels is 0.3 for diameters less than 1 m.

1.5 Heat Flux on to a Package

Heat flux on to the thermal package that is engulfed in a pool fire is very important. The

direct measurement of heat flux on to the package engulfed in a pool fire is not possible.

Hence, the heat flux is inferred from the measured subsurface temperature. In direct heat

transfer problems, the temperature distributions are to be computed while the heat flux

or temperature histories at the surface of a solid are known as functions of time. However,

in inverse heat conduction problem (IHCP), the surface heat flux and temperature mea-

surements must be determined from transient temperature measurements at one or more

interior locations. In simple terms, boundary conditions are known for classical direct

problems while in inverse problems, boundary conditions are to be estimated. A problem

becomes inverse heat conduction problem, because of several reasons. One of the reasons

may be the location of interest is inaccessible for conventional measuring instruments.

One such example is the measurement of heat flux on to thermal package engulfed in fire.

The package’s surface is inaccessible for measurement because of the engulfing flame.

1.5.1 Inverse Heat Conduction Problem

The aim of IHCP codes is to determine unknowns such as thermal conditions, unknown

thermo-physical properties from the temperature history and distribution of the sample.

Consider a slab of thickness, L is exposed to an unknown heat flux, q̇′′(t) as shown in

Fig. 1.6. The transient temperature of the slab at a distance of x1 is measured. The aim of
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Fig. 1.6 Heat transfer to a slab from an unknown source

inverse heat conduction problem is the estimation q̇′′(t) at each time step. This problem is

difficult because of its extreme sensitivity to the measurement errors. Smaller time steps

frequently introduces instabilities in the solution. Larger time steps would deviate from

the actual solution. Hence, the code should be able to work even at some moderate small

time steps while maintaining the stability. The problem becomes non-linear if the thermal

properties are functions of temperature. Inverse heat codes like Sandia One-Dimensional

Direct and Inverse Thermal (SODDIT), Inverse Heat Conduction Problem-1D (IHCP-

1D), Container Analysis Fire Environment (CAFE) are generated to solve this kind of

problems.

1.5.2 IHCP-1D

The code, IHCP-1D is developed by Beck Engineers in 2006 (Beck, 2012). This code is

capable of solving IHCP that involves the estimation of surface heat flux history for an

object by utilizing measured subsurface temperature history. IHCP-1D provides solution

for planar, cylindrical and spherical geometries. The heat fluxes are estimated from the

known temperature history. The temperature history at the known location is estimated

using the estimated heat fluxes. The estimated heat fluxes are modified till the estimated

temperatures reach the known temperature.

1.6 Numerical Codes to Solve Open Pool Fire

Numerical simulation of fire is becoming increasingly important due to the inherent dif-

ficulties associated with experiments, particularly for large size pool fires. The accuracy

of the simulation is highly dependent on the inputs like grid size of the numerical grid,

number of solid angles, domain size and model coefficients. Apart from this, accuracy

also depends on the kind of model incorporated for tracking the species of combustion.
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Three approaches were developed to simulate pool fires. All of these three approaches are

three dimensional processes marching with time. They are briefly described below:

1. Zone Model: This approach is used for compartment fires. The compartment is

divided into a finite number of isothermal volumes and surface area zones. Mass

and energy balances are then performed for each zone. Simulation of detailed dis-

tribution of the species is not possible in this model.

2. Reynolds-Averaged form of the Navier-Stokes Equations (RANS) Model:

These approaches are developed as a time-averaged approximation to the fluid dy-

namics conservation equations. The limitation of this approach is the averaging

procedure.

3. Large Eddy Simulation Model: This model determines the burning rate of the

pool fire and controls the spread of smoke and hot gases. Fire dynamics simulator

uses LES for solving the pool fire.

Fire Dynamics Simulator (FDS) is a computational fluid dynamics (CFD) model of fire-

driven fluid flow (McGrattan et al., 2007). FDS can only handle Cartesian coordinate

system. Hence, all the circular shapes in the simulations are generated by small cubes.

1.7 Fire Safety Distances

Fire accidents that carry huge loss with them have increased in the previous two decades

than at any time in the history. Hence, there is a need for understanding the safety

distances from different fires with different fuels. Knowledge of the radiative environment

of potential fire scenarios is very helpful for planning firefighting strategies, that is, it

allows a determination of whether or not a particular fire can be approached; if so, how

closely it can be approached by personnel and equipment; and therefore what equipment

and strategy should be employed in an emergency response plan (Croce and Mudan,

1997).

1.8 Objective of the Present Work

Lack of proper knowledge about the pool fires, motivated this work. The objectives of

the present work are chosen to be:

Pool fires

To study the influence of pool diameter on mass burning rate, temperature, radiative

fraction, heat flux and gas velocity. To study the variation of flame emissivity with the

height of the flame of diesel as the fuel. To relax few simplistic assumptions that were
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made in fire safety distance calculations. The model proposed in this study is easy to use

and one can easily calculate the fire safety distance for a given fire scenario.

Thermal casks

To study the influence of blockage on the heat release rate of the pool fire. To quantify the

convective and radiative heat transfer from fire to a thermal cask for different blockages.

Numerical simulations

To present a more simple numerical model for the simulation of thermal tests that avoids

the coupling of conduction and fire codes and thereby reducing the computational costs

and time. To study sensitivity analysis on various parameters in Fire Dynamics Simulator.

1.9 Organization of the Report

This report presents the study carried out to optimize the thermal tests for transportation

packages. This report consists of seven chapters and is organized as follows:

Present chapter provides an overview of the open pool fires and the challenges in the

fire research. The various parameters that involve in this area are briefly described.

Second chapter is a comprehensive literature review on open pool fires in view of ther-

mal tests. This review explains the various instruments to measure some of key

thermal properties and the problems encountered during the measurements. Con-

ventional methods to measure and the proposed relations for some of the parameters

are discussed.

Third chapter consists of the various experiments conducted to measure the radiative

properties of pool fires. Influence of pool diameter on mass burning rate and flame

emissivity are reported. The temperature and emissive power distributions of open

pool fires are provided in this chapter.

Fourth chapter describes the methodology to measure the fire safety distances using

infrared camera. The fire safety distances of different pool fires are provided.

Fifth chapter presents the study of a small lumped body engulfed in pool fires. Gas

velocity for diesel pool fires of different sizes is presented. The details of partitioning

the heat flux on to the body into convection and radiation components are presented.

Sixth chapter provides the experimental study conducted on casks engulfed in pool

fires. A new methodology is introduced in this chapter to predict the temperature

of a cask engulfed in a pool fire. The details of the numerical results and their

comparison with the experimental results are provided in this chapter.
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Seventh chapter describes the various sensitivity analysis for the FDS simulations of

diesel pool fires. A comparison between the experimental and FDS results is pro-

vided.

Eighth chapter concludes this report with a summary of the outcome of this work. The

future scope of the present work is presented.
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CHAPTER 2

Literature Review

2.1 General

Radioactive materials comprise one of the United Nations classifications of dangerous

goods and, as such, must be packaged to minimize the health risk to transport workers

and members of the public and damages to public properties (Burgess and Fry, 1990). The

packaging requirements are defined by the International Atomic Energy Agency (IAEA) in

the Transport Regulations which are widely adopted as national regulations. All such reg-

ulations include tests to demonstrate that no undue hazard should result from a transport

accident. The hazards addressed by the tests are release of radioactive contents, loss of

shielding resulting in increased external radiation, and geometry or other changes leading

to criticality and unacceptable radiation levels and/or heat output. Transport accidents

can involve impact, fire and immersion in water in combinations deserving consideration

of the sequential damage. For example, a crash is often followed by a fire.

Transportation packages containing radioactive materials have to undergo open pool fire

tests before they are certified as per the transport regulations of International Atomic

Energy Agency (IAEA). Transport regulations specified by IAEA, the requirements for

thermal test as mentioned in Para-728 states (IAEA, 2005): “Exposure of a specimen

for a period of 30 minutes to a thermal environment which provides a heat flux at least

equivalent to that of a hydrocarbon fuel/air fire in sufficiently quiescent ambient conditions

to give a minimum average flame emissivity coefficient of 0.9 and an average temperature
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of at least 800 ◦C, fully engulfing the specimen, with a surface absorptivity coefficient of

0.8 or that value which the package may be demonstrated to possess if exposed to the fire

specified.”

These regulations do not provide any information regarding the pool size. This is an

important parameter, as the flame temperature depends on the pool size. As the most

transportation vehicles are diesel run, diesel is involved in the accidents of transportation

packages. Knowledge of thermal properties of pool fires is very essential for optimizing

thermal tests.

2.2 Thermal Properties of Pool Fire

Any kind of measurement in pool fires is difficult because of the high operating tem-

peratures (∼ 800 ◦C), low velocities (∼ 2 m/s), multi-modes of heat transfer and active

chemical reactions. Soot deteriorates the readings as they deposit on the measuring in-

struments. Hence, the conventional methodologies are not suitable in fire research. All

instruments should be rugged enough to withstand high operating temperatures but ac-

curate enough to capture the minute details. In the following sections, each thermal

property is considered with the measuring techniques established in the literature.

2.2.1 Mass Burning Rate

Burning rate is defined as the mass of fuel consumed per unit area per unit time (Quintiere,

1998). The fuel can be solid, liquid or gas. In some cases, amount of the fuel consumed

may be different to amount of fuel vaporization (mass loss rate). One such example is

large structural fire, where structure vaporizes not necessarily interacting with the oxygen.

In this work, these two distinctions are considered synonymous. The mass burning rate

of the fuel, ṁ′′ is usually expressed in gm/m2.s or in kg/m2.s. Mass burning rate can be

measured using a weighing machine or it can be measured by tracking the rate at which

the level of the fuel in the tank is decreasing. All the instrumentations are to be insulated

properly due to the high temperatures involved. Figure 2.1 shows the mass burning rate

of a gasoline pool fire as a function of time (Chatris et al., 2001).

In order to burn a fuel, the fuel surface must be at least the flash point temperature. Once

the ignition starts, the surface temperature increases to its boiling point. During this

period (I), the fire spreads over the entire pool surface and then progressively increases

in size. The duration identified as (I) in Fig. 2.1 is called a transitory period, which

corresponds to the fire spread over the surface and the development of the fire. Fuel

burns at a constant rate after the transitory period. The time period during which fuel

burns at a constant rate is called stationary period, identified as (II) in Fig. 2.1. Pool fire

is fully developed in (II). Region (III) shows the extinguishing of fire.
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Fig. 2.1 Mass burning rate as a function of time (Chatris et al., 2001)

Blinov and Khudyakov (1961) had collected and generalized the results of fifteen years of

experimental and theoretical studies dealing on the physics of the combustion of liquids

in tanks. They reported different pool fire parameters of different fuels like: the mass

burning rates, shape and dimensions of the flame, pulsations, temperature, radiation and

various combustion regimes. They observed that there is a rapid decrease in the mass

burning rate with the increase in diameter (D < 0.1 m) and then increases with diameter

and finally reaches a limit. There is no great variation in mass burning rates for D

between 1 m and 22.9 m (Blinov and Khudyakov, 1961). They examined the temperature

distribution in burning liquids. Parag and Raghavan (2009) studied the burning rates of

ethanol and ethanol blended fuels. It is observed that the mass burning rate increases

with the increase in the gasoline content and decreases with the increases in the diesel

content. The high volatility of gasoline increases the mass burning rate.

Babrauskas (1983) observed that mass burning rate increased with the increase in diam-

eter up to 2 m for gasoline pool fires. However, for diameters greater than 2 m, mass

burning rates were observed to be reasonably constant (Fig. 2.2). Chatris et al. (2001)

also measured mass burning rates for gasoline and diesel oil pool fires with diameters

1.5 m, 3 m and 4 m. For the two fuels studied, the increase in burning rate as a function

of pool diameter approaches a constant burning rate for pool diameters about 3-4 m.

2.2.2 Heat Release Rate

Heat release rate describes the capacity of the pool fire quantitatively “How big is the

fire?” This is so important that it has been described as the single most important variable
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Fig. 2.2 Mass burning rate as a function of diameter for gasoline pool fires

(Babrauskas, 1983)

in fire hazard (Babrauskas and Peacock, 1992). Heat release rate is defined as the rate

at which the combustion reactions produce heat, usually expressed in kW. Mass burning

rate and heat release rate are related by a constant as:

HRR = ṁ′′A∆Hc (2.1)

where ∆Hc is the effective heat of combustion (kJ/kg) and A is the pool surface area.

∆Hc of a fuel can be determined by theory or by testing (SFPE, 2008).

2.2.3 Flame Emissivity

The radiation from the flame to the exterior is from hot combustion products that form

the flame. The capacity of emission depends on the matter that is burnt and its thick-

ness. Hence, the flame emissivity is the combination of the emissivity of the combustion

products and species concentrations. If not impossible, it is difficult to calculate flame

emissivity from the individual species, though there are tables to evaluate the emissivity

of the combustion gases of a fire (Hottel and Sarofim, 1967). Several investigators have

reported studies on pool fires. Rashbash et al. (1956) reported the results of a series of

pool fire experiments conducted using different fuels with a pool diameter of 0.3 m. Al-

cohol, petrol, benzole and kerosene were studied in these experiments. They reported the

measurements of temperature, mass burning rate, shape of the flame, volume of the flame,

upward velocity of the flame and flame emissivity. In this study, the flame emissivities of
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alcohol, petrol, kerosene and benzene were found to be 0.066, 0.36, 0.37 and 0.7 respec-

tively. Later, Qian and Saito (1995) and Qian (1995) also measured the flame emissivities

of hexane pool fires for four different diameters (0.05 m, 0.09 m, 0.14 m and 0.20 m)

using an infrared camera. In this method, emissivity of the flame εf was determined by

comparing the thermal image of a pool fire with target plates of known emissivities. Their

results show that flame emissivity increases with the increase in pool diameter.

Agueda et al. (2006) determined the emissivity of the forest fire using the methodology

proposed by Qian and Saito (1995). Heated sheets were used to simulate the radiation

of blackbodies at different temperatures (300 ◦C and 400 ◦C) and the emissivity was com-

puted by means of radiation signal captured by an infrared camera. Dupuy et al. (2007)

also used a similar technique and studied the emissivity variation at different heights in

a flame for a cylindrical forest fuel burner. This establishes that this method is employed

extensively for the measurement of flame emissivity in fires burning above both in liquid

and solid fuels. Cuchi et al. (2003) proposed a similar methodology for the determination

of flame emissivity in hydrocarbon pool fires using an infrared camera. They conducted

experiments on gasoline and diesel oil pool fires with diameters of 0.13 m, 0.18 m and

0.5 m. From this experimental data, they extrapolated the results to a pool diameter of

1 m and inferred that the emissivity would be close to one (less than one). However, this

is in contrast with the conclusions made by Chatris et al. (2001) who stated that the data

from small-scale fires cannot be extrapolated to larger-scale pool fires.

2.2.4 Flame Temperature

Temperature distribution of a pool fire is essential in estimating the heat flux on a given

target. Over the decades, the temperature distribution of a pool fire has been measured

using simple high temperature thermocouples without employing any corrections. Mc-

Caffrey (1979) measured the centerline temperature of natural gas flame produced by a

porous refractory burner using k-type thermocouples without accounting for any errors.

His data shows the independency of centerline temperature with different heat inputs.

Observing his experimental data, flame was divided into three regions namely flame, in-

termittent and plume regions. Based on his experimental data, different correlations for

centerline temperature distribution with height in each region are given.

Koseki (1989) reported the centerline temperature for heptane pool fire with different

diameters and maximum temperature in the flame for gasoline, kerosene and heptane

pool fires. In contrast to previous conclusions in McCaffrey (1979), Koseki found that

the flame temperature increased with the increase in the diameter for heptane pool fires.

Hayasaka et al. (1992) conducted pool fire experiments on 4.85 cm diameter cylinder with

heptane, kerosene and methanol as test fuels. They measured the center line temperature
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distribution using thermocouples and also using thermography method. From their ob-

servation, they argue that McCaffrey’s model is valid only for low-sooting gas but not for

liquid pool fires. Boundary values for liquid fuels depend on the fuel properties because

of evaporation and decomposition regions in the bottom of flames or near the fuel surface

(Hayasaka, 1996, Schneider and Kent, 1989).

Several authors have reported temperature measurements in fires using thermocouples

(Schneider and Kent, 1989, Montes et al., 2009). Thermocouple measurements are sub-

jected to a thermal lag during fire growth, but the main problem is a steady-state error

induced by radiant heat transfer at the thermocouple surface (Francis and Yau, 2004,

Luo, 1997). For temperature measurement using a thermocouple, the radiation error of

the measured temperature is the result of receiving/emitting radiation from/to the en-

vironment. Francis and Yau (2004) documented the sources of error and the effect of

thermocouple diameter on temperature readings. By taking temperature measurements

with different sizes of thermocouple beads and plotting the results against thermocou-

ple diameter, the steady state error is minimized by extrapolation back to the abscissa.

Silvani and Morandini (2008) used a simple procedure to correct the temperature values

measured with the thermocouples.

2.2.5 Infrared Thermography in Fire Research

Infrared camera has been extensively used in fire research for different purposes. An

infrared camera transforms the incident radiation into temperature readings. Some pa-

rameters like emissivity of the emitting body, atmospheric temperature between camera

and object are to be necessarily introduced during post-processing the thermal images.

Hayasaka et al. (1992) introduced a method to employ high-speed thermography to mea-

sure the radiative heat flux on a target from kerosene pool flames of 2.7 m square tank.

Figure 2.3 shows the experimental arrangement for measuring radiation from pool fires.

Figure 2.4 shows the thermography measurement from the pool fire. The infrared cam-

era captures the temperature from an imaginary wall. Thermography gives the apparent

temperature distribution of the flame. By assuming the flame emissivity to be unity, they

converted the temperature distribution images from thermography to mean radiance dis-

tribution. From this mean radiance distribution, the irradiance on to a surface at some

distance from the flame was estimated and verified with the radiometer measurements.

Recently, Chun et al. (2009) estimated the surface emissive power of different pool fires

using thermography. Muñoz et al. (2007) estimated the emissive power of pool fires for

different diameters using thermographic camera with gasoline and diesel as fuels. Pool

sizes in their study ranged from 1.5 m to 6 m. They measured the fraction of contribution

of luminous and non-luminous zones to the total emissive power of the flame. In all of
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Fig. 2.3 Experimental arrangement for measuring radiation

from 2.7 m2 pool (Hayasaka et al., 1992)

Fig. 2.4 Thermography measurement (Hayasaka et al., 1992)
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their studies, the flame emissivity was assumed to be unity. The value of radiative fraction

was determined from the thermal flux measured with radiometer.

The flame emissivity cannot be assumed as unity for small scale pool fires (diameters less

than 1 m). Since 1995, few methodologies are proposed to measure the flame emissivity

using infrared camera (Qian and Saito, 1995, Cuchi et al., 2003, Agueda et al., 2006,

Dupuy et al., 2007). All these methodologies share a common principle- the transmissiv-

ity of a flame can be determined by measuring the radiation from a known source through

the flame. Flame emissivity is computed from transmissivity by neglecting the reflectivity

of the flame. Each thermal camera works in a range of wavelength. So, the emissivity

obtained from thermal camera is an average flame emissivity over these wavelengths.

Though the flame emissivity is a mixture of combustion products that radiate at differ-

ent wave lengths, the results show that this average flame emissivity is able to capture

the flame temperature and irradiance from the flame accurately. If the flame emissivity

is measured, then the representative two-dimensional temperature and emissive power

distributions of a pool fire can be computed from the infrared thermography.

Arakawa et al. (1993) and Qian et al. (1994) used the automated infrared thermography

to measure the pyrolysis front along vertically oriented flat and corner walls. Through

this infrared thermography technique, the limitations of conventional thermocouples can

be avoided. They could capture the two-dimensional temporal temperature distribution

of the wall fires. More recently, Akafuah et al. (2010) used infrared thermography for

the visualization and characterization technique for liquid spray. Infrared thermography

has been extensively used by various authors, as it can provide more information by

overcoming the limitations of conventional thermocouples or video cameras.

2.2.6 Heat Flux

Heat flux is an important parameter in fire research. The heat fluxes in fire are very high

and can go up to 100 kW/m2 in a 1.4 MW pool fire. These high fluxes in a sooty envi-

ronment makes it challenging to measure. Gardon introduced Gardon gauge to measure

the intensity of thermal radiation in the range of 4.2 kW/m2 to 4,190 kW/m2 (Gardon,

1953). This gauge consists of a copper cylinder with a thin constantan foil, connected to

a copper wire, on the top. This copper wire and the copper cylinder forms a differential

thermocouple (Kuo and Kulkarni, 1991). Figure 2.5 shows a Gardon gauge. Two probes

are provided for the circulation of cooling water. The working principle of the Gardon

gauge is to infer the radiation heat flux by measuring the temperature difference between

the center and the edge of a thin metal film (Cumber, 2011).

A similar instrument, Schmidt Boelter gauge is developed for measuring radiative inci-

dent heat flux. Schmidt Boelter gauge works under the principle of producing voltage
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Fig. 2.5 Gardon gauge

corresponding to temperature difference across a thin thermal resistance layer situated

at the sensing surface. Both the gauges operate without any external power source and

needed water cooling to protect the sensors from high temperatures (Cumber, 2011).

Lam and Weckman (2009) compared the steady state responses of four heat flux gauges:

Schmidt Boelter, Gardon, Directional flame thermometer and hemispherical heat gauge

under various radiative and convective heating conditions. These commercially available

transducers have a fast thermal response and are subjected to rigorous and accurate cal-

ibration procedure (Silvani and Morandini, 2008). However, the main drawback with

these sensors is the need of water supply to the sensor. In several applications like, inside

combustion chamber, furnaces and pool fires the supply of water, if not impossible, very

difficult due to the limitation of the access and high temperatures.

The measurement of heat flux at high temperature and in harsh environments remains a

great challenge (Seo et al., 2011). In 2007, Ingason and Wickström showed the capability

of a plate thermometer in measuring the incident radiant heat flux as an alternative to

water cooled heat flux sensors like Schmidt Boelter gage and Gardon gage (Ingason and

Wickström, 2007). A plate thermometer consists of a 10 mm × 10 mm plate acting as a

sensor. This newly introduced sensor is easy to fabricate and does not need water supply

for cooling. However, plate thermometers are sensitive to convection and radiation in

a similar way as a real specimen. Hence, the results using plate thermometer yield the

effective exposure temperature when exposed to environment involving both convection

and radiation but not the radiation alone (Bystrom et al., 1988, Wickström et al., 2011).

2.2.7 Radiative Fraction

Radiative fraction (χr) is defined as the ratio of the energy radiated to the surroundings

to the idealized combustion heat release. Radiative fraction is given by:

χr =
Qr

HRR
(2.2)

where Qr (kW) is the radiative heat loss to the surroundings, HRR is the heat release

rate of the fuel. Hamins et al. (1995) measured χr for pool fires of 4.6 cm, 7.1 cm and
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30 cm diameter pool fires with different alcoholic and non-alcoholic fuels. χr is measured

from the heat flux measured at a single location and at multiple locations. Comparing the

two results, a new corrected correlation is proposed for computing radiative fraction from

heat flux measured at a single location. They concluded that χr is a weak function of pool

size. Buch et al. (1997) measured the steady-state mass burning rate and radiative flux

profiles to the surroundings for different pool fire fuels (burning silicone fuels, methanol,

ethanol, acetone, heptane and toluene) with diameters ranging from 0.1 m to 1.0 m. The

radiative flux was measured in the radial (14 points) and a vertical (18 point) planes. Their

experimental data shows that the radiative flux drops off quickly in the radial direction

away from the fire. However, the radiative flux obtains maxima at some intermediate

distance along the vertical axis. The lower radiative fluxes are associated with the slower

burning fuels and the relatively non-luminous fire plumes. From the heat flux data, χr

was computed.

For hydrocarbon pool fires, χr increases from approximately from 0.3 to 0.45 as the pool

diameter increases from 0.1 m to 0.6 m. However, for alcohols χr remained nearly constant

with the pool diameter. A reduction in χr for the slower burning fluids was also found.

Hamins et al. (1995) made an attempt to correlate radiative fraction as a function of fuel

mass flux for different pool diameters for several fuels. Yang et al. (1994) examined the

effect of pool size on χr and combustion efficiency for heptane and kerosene fuels, with

an assumption of cylindrical flame shape. They found that:

χr ≈ constant for 0.1 m < D < 1 m

∝ 1√
D

for D > 1 m
(2.3)

By applying a simple energy balance on a pool fire (which is assumed cylindrical in shape),

Moorhouse and Pritchard (1982) derived an equation for χr as follows:

χr =
E

HRR

(
1 +

4fh
D

)
(2.4)

where E is the emissive power of the flame and fh is the height of the flame.

2.2.8 Flame Velocity

The knowledge of the velocity of the flame is essential for computing the convective heat

transfer coefficient. Blanchat et al. (2009) studied the contribution of radiation heat flux

from a 2 m diameter methanol pool fire to a thermal cask (B = 19%). Free-stream

gas velocity was derived from Particle Image Velocimetry (PIV). The convective heat

transfer was estimated using this velocity and the cask surface temperature. This study

revealed that there was a significant contribution by the convection varying from 33% of

the total heat transfer (37.5 kW/m2) in thermal tests. Nakos and Keltner (1989) reported
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a convective component of 10% to 20% of total for a blockage of 5.5%. Measurement of the

velocity in pool fires is difficult because of its low value (∼1 m/s) and the high operating

temperatures (∼ 800 ◦C).

Bi-directional probe is extensively used to measure the velocity of the flames (Logen-

baugh et al., 1990, McCaffrey and Heskestad, 1976a, Schneider and Kent, 1989). The

Bi-directional probe was first introduced by Heskestad in 1974 and closely examined by

McCaffrey and Heskestad in 1976 (McCaffrey and Heskestad, 1976a). The velocities are

in the range of 4.8 m/s to 9.5 m/s for a JP-4 pool fire of size 9 m × 18 m (Schneider and

Kent, 1989) and 3.4 m/s for a pool fire of 6 m × 6 m (Logenbaugh et al., 1990). Hence,

the bi-directional probe is adopted for measuring the flame velocity in the present study.

These measurements are essential in estimating the convective heat transfer.

2.2.9 Puffing Frequency

Puffing frequency is defined as the periodic oscillatory motion close to the origin of pool

fires (Cetegen and Ahmed, 1993). Rashbash et al. (1956) studied the flame characteristics

for several hydrocarbon pool fires. Several authors reported the puffing frequency of

different pool fires (Brötz et al., 1983, Sibulkin and Hansen, 1975, Byram and Nelson, 1970,

Portscht, 1975). Cetegen and Ahmed (1993) reported a summary of puffing frequencies

as a function of burner diameter Fig. 2.6. Figure 2.6 shows that the solid fuels, liquid

fuels and gaseous fuels show the same trend for different pool sizes.

2.3 Transportation Package

The transportation package is generally idealized as a circular cask filled with an insulating

material. The major parameters considered for thermal testing of a cask are size of the

pool fire, fuel used, size of the cask, location of the cask in the pool fire and orientation

of the cask. Conventionally, heat flux on to this cask from the fire is predicted using

codes like Sandia One-Dimensional Direct and Inverse Thermal (SODDIT), Inverse Heat

Conduction Problem-1D (IHCP-1D). These codes work on the principle of inverse heat

conduction problem. The subsurface temperature of the cask engulfed in a fire is used

as input to these codes. Ali et al. (2004) carried out a transient thermal analysis of

transportation packages to determine the temperature distribution under normal and

accident conditions.

Solving inverse heat conduction problem (IHCP) is much more difficult than solving a

direct heat transfer problem. Since 1960, there has been a lot of investigation in solving

IHCP. Stolz (1960) is one of the pioneers in addressing the calculation of heat transfer

rates during quenching of bodies of simple finite shapes. Beck (1962) developed basic

concepts that permitted much smaller time steps than the Stolz method. Several authors
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Fig. 2.6 Puffing frequency of pool fires as a function of

burner diameter (Cetegen and Ahmed, 1993)

(Imber, 1973, Mulholland et al., 1975, Williams and Curry, 1977) had worked on IHCP

for different program applications.

Logenbaugh et al. (1990) studied the thermal response of a cask of diameter 0.46 m in

a pool fire of 1.8 m diameter. The cask was oriented vertically in a pool fire. The test

duration was 100 minutes. The temperatures of the cask and the insulating material were

reported. Bainbridge and Keltner (1988) conducted thermal test in a 9.1 m × 18.3 m pool

fueled with JP-4 aviation fuel. A thermal cask of 1.43 m in diameter and 6.4 m in length

is simulated as the thermal transportation package. The cask was oriented horizontally

in the pool fire. Kramer et al. (2003) estimated the heat transfer to a cask of 1.2 m

diameter in a JP-8 pool fire of size 7.16 m diameter. The cask was oriented horizontally

in the pool fire. The temperatures of the cask and the insulating material were reported.

In these tests, the heat flux was predicted using an inverse heat conduction SODDIT

code. The maximum estimated heat flux on to a cask is 90 kW/m2 for a 1.8 m diameter

pool fire, 70 kW/m2 for a 6 m × 6 m pool fire, 130 kW/m2 for a 9.1 m × 18.3 m pool

and 150 kW/m2 for a 7.16 m diameter pool fire. These experimental results demonstrate

that the size of the pool fire has significant influence on the temperature and heat flux
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distributions of the cask (Logenbaugh et al., 1990, Koseki et al., 1996, Bainbridge and

Keltner, 1988, Kramer et al., 2003).

2.3.1 Heat Flux to a Transportation Package

Several methods are proposed to determine the heat flux in thermal tests with different

assumptions. Some of these assumptions are too simple to simulate the realistic fire

scenario. These models are continuously developed over the decades. Tunc and Venart

(1984) proposed a methodology to determine the incident radiation from an engulfing

pool fire to a horizontal cylinder. The simplistic assumption of cylindrical flame shape

was avoided. Flame shape was characterized by axi-symmetric flame contours obtained

from actual photographs. Cuchi and Casal (1998) developed this methodology by taking

into account the variation of flame temperature with time for a cask of blockage ratio (B)

greater than 35%. Blockage ratio is defined as the ratio of the projected surface area of

the cask in fire to the cross-sectional area of the pool. In both of these methodologies, the

convective heat transfer from the flame to the cask was neglected. These models under-

predicted the temperatures of the cask in comparison with the experimental results. This

suggests that the convective heat transfer between the cask and the flame is important.

Ojha et al. (2012) employed natural convection with a heat transfer coefficient of 15

W/m2.K. However, the assumption of natural convection is not valid for a cask engulfed

in pool fires without the quantification of Gr/Re2. The general criterion for the free

convection to be dominant over forced convection is Gr/Re2 > 1 (Bejan, 1993). The

assumption of neglecting convection can only be validated with a proper estimation of

convective heat flux in thermal tests.

2.3.2 Influence of Package on Heat Release Rate

The presence of a cask in a pool fire may change the fire scenario and also the heat release

rate. Ciro et al. (2006) conducted 0.3 m Jet-A pool fire with and without engulfing cooled

and un-cooled cylindrical containers (B = 14.5%). There was no significant change in the

heat release rate. It shows that the thermal feedback to the pool from the fire and heat

release in the flame were similar in all these cases. However, for a higher blockage ratio

(B = 28.3%), the heat release rate is found to be lower than that of without blockage

(Cuchi et al., 1996). Mass burning rates are measured for the range of blockages covered

in the present study in order to reaffirm the influence of blockage on heat release rate of

the pool fire.

One another difficulty, from measuring perspective in hydrocarbon pool fires, is heat flux

measurement due to the high temperatures, the sooty and chemically reactive environment

(Nakos, 2010). Most of the commercially available sensors like Schmidt Boelter gages are

water-cooled and make them impractical to adapt for fire environment. Though these
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sensors can work well with proper channeling of water, the deposition of the soot on the

sensing element or on the transparent sapphire window deteriorate these measurements.

Plate thermometer (PT) is reasonably effective in overcoming all these shortcomings of the

commercially available heat flux sensors. The plate thermometer (PT) was developed by

Wickström in 1980s for controlling fire resistance furnaces to get harmonized test results

(Wickström, 1994). This was intended to measure the temperature. In 2007, Ingason

and Wickström showed the capability of a plate thermometer in measuring the incident

radiant heat flux as an alternative to water cooled heat flux sensors like Schmidt Boelter

gage and Gardon gage (Ingason and Wickström, 2007). Unlike a finest thermocouple

which is insensitive to radiation, the plate thermometers are sensitive to convection and

radiation in a similar way as a real specimen. Hence, the results using plate thermometer

yield the effective exposure temperature when exposed to environment involving both

convection and radiation which is the case in pool fire.

Bystrom et al. (1988) studied the use of plate thermometers to estimate the fire develop-

ments. All these tests were performed under controlled conditions using cone calorimeter.

Hence, one of the focus of the present study is to show the ability of using the plate ther-

mometer measurements to represent a pool fire. Further details of the working principle

of the plate thermometer and the concept of Adiabatic surface temperature (AST) are

given in Wickström (1994), Bystrom et al. (1988) and Wickström et al. (2011).

Literature review suggests that there could be a great influence of pool size on the tem-

perature and heat flux of a cask engulfed in pool fire. Also there is limited information

in quantification of neglecting the convective heat transfer in simulating thermal tests

for B < 14%. Conventionally, the simulation of thermal tests involves the coupling of

conduction code with fire modeling at every time step. The boundary condition obtained

from the fire in a fire model at a given instant is given as an input to the conduction

model to predict the surface temperature of the cask. This predicted surface temperature

is given in the fire model and allow the flame temperature to change at the surface of cask.

This approach needs the coupling of fire and conduction codes. These coupled codes are

expensive in terms of time and cost.

2.4 Fire Safety Distances

Fire safety distance (FSD) is of greater interest in view of the safety of fire fighters, safe

distance for building constructions and also in emergency evacuation of people. Fire safety

distance is defined as that at which the thermal radiation flux is equal to some prescribed

level. This level depends on what is to be conserved or protected (Atallah and Allan,

1971). The estimation of radiation flux from fires is very crucial and this provides a basis

for establishing the safe zones for fire fighters and structures. Numerous methodologies,
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from a very simplistic to complex models, are proposed in measuring the thermal radiation

from fire and hence estimated the fire safety distances (Atallah and Allan, 1971, Zarate

et al., 2008, Billaud and Consalvi, 2001, Butler and Cohen, 1988, Hayasaka et al., 1992).

In some of these models, the assumptions made are: representation of flame by a single

temperature, simple flame shape representation (like cylinder), radiation from non-visible

zones of the fire plume is not accounted, assumptions made in computing the flame height

etc.

Atallah and Allan (1971) studied each individual parameter that affects the calculation of

safety distances. The parameters studied were: atmospheric transmissivity, view factor,

flame height, burning rate of the pool fires, flame temperature, flame shape, soot cloud,

luminous flame height, flame pulsation, geometric view factor and wind effects. The

authors concluded that some of the assumptions made in computing the safety distances

are too simplistic and they are to be refined to get accurate results.

Zarate et al. (2008) estimated the thermal radiation emitted by the flame front of a

wildland fire using the solid flame model together with the view factor calculations. Some

of the assumptions made in solid flame model are: the shape of the flame is either cuboid or

cylindrical and the flame temperature is 1200 K. Billaud and Consalvi (2001) proposed a

methodology based on the solid flame model and a Monte Carlo method for the estimation

of the radiant heat flux and safety distances from wildland fires. The flame is considered

as a black surface with a temperature of 1200 K resulting in a heat flux of 118 kW/m2.

Several authors represented the complete flame by a single representative temperature.

Butler and Cohen (1988) approximated the flame as a flat sheet of given height and

width with a uniform temperature of 1200 K and a uniform emissivity of one. As the

understanding of the radiation increased, few other authors introduced view factor in

computing the fire safety distances. But, in most of the studies, the emissivity of the flame

is taken as unity, which is not a reasonable assumption. The radiation from the flame is

dependent on its emissivity. To add to the complexity, emissivity varies throughout the

flame and also is dependent on the wavelength and diameter of the pool fire. Hayasaka

et al. (1992) used infrared camera technique to measure the irradiance at a distance of 5

times the length of the pool. The pool size used in their study was 2.7 m2.

2.5 Modeling of Open Pool Fires

Emori and Saito (1983) explained the scaling laws for pool and crib fires and correlated

them to experiments. They successfully explained the procedure to interpret and scale

the results of model experiments to full size fires. From the experimental results and

the scaling laws, they concluded that the irradiance measured at corresponding points

in pool fires does not depend on the size of the pan for pool fires, but it is proportional
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to the square root of the length for crib fires. Saito and Emori (1980) showed that the

scaling laws of a pool fire are applicable in the range of diameters 1.2 m and 30 m. Jolly

and Saito (1992) explained different scale modeling schemes of pool and crib fires. The

complexities and the limitation of the numerical models were discussed with suggestions

for future work of developing numerical models based on experiments results.

2.6 Fire Dynamics Simulator (FDS)

Numerical simulation of fire is becoming increasingly important due to the inherent dif-

ficulties associated with experiments, particularly for large size pool fires. Fire dynamics

simulator (FDS) is a CFD model of fire-driven fluid flow like pool fires. FDS solves nu-

merically a form of the Navier-Stokes equations appropriate for low-speed flows (Mach

number less than 0.3) with an emphasis on smoke and heat transport from fires (McGrat-

tan et al., 2007). Turbulence is treated with large eddy simulation model. It is observed

that FDS can deliver accurate predictions for mean values of temperature and axial dis-

tributions (Hostikka et al., 2003, Xin et al., 2005, Wen et al., 2007, Xin et al., 2008, Lin

et al., 2010). However, these validations are limited to non-blended hydrocarbon pool

fires.

Xin et al. (2005) studied the methane diffusion flame of 7.1 cm burner and helium plume of

7.3 cm burner size to check the applicability of mixture fraction based combustion model

employed in FDS to the real life fire scenario. They observed that FDS can qualitatively

capture instantaneous fire structures and quantitatively reproduce the averaged scalars

and velocities. Hostikka et al. (2003) studied large eddy simulation of the methane pools

of various diameters ranging from 0.1 m to 1.0 m. He observed that the radiative fraction

obtained from different models is almost the same for methane burners. The model

employed in FDS is able to provide correct qualitative dependence between the pool size

and the burning rate and is capable of capturing the dynamical differences of flames

ranging from the small burner to the scale close to the compartment fires.

Wen et al. (2007) carried out validation of 0.305 m methanol pool fire with finest grid

resolution which provided closest results. They concluded that FDS can deliver accurate

predictions for mean values of temperature and axial velocity distributions. Lin et al.

(2010) investigated the grid dependence, solid angle dependence and radiation model

on radiative characteristics of 0.1 m, 0.14 m, 0.3 m and 0.38 m heptane pool fire. They

concluded that the variation among the results using gray band model, six band model and

nine band model is merely 3% and also with gray band model the saving in computation

time is more than 300% as shown in Fig. 2.7. Solid angle above 500 and the dimensionless

grid size above 13 is fairly capable of mimicking the actual fire scenario. However, these

observations are limited to small size pool fires.

28



2. Literature Review

Lin et al. (2010) studied the influence of solid angle and grid resolution on radiative heat

flux distribution by changing the solid angle from 100 to 1000 and grid resolution from

6 cm to 1.72 cm as shown in Fig. 2.8. It was observed that at solid angles above 500,

results are almost same. Hence, for further analysis solid angle of 500 was fixed. Figure 2.9

shows the influence of grid size on the radiative heat flux distribution for a heptane pool

fire. Beyond a grid resolution of 2.55 cm, radiative heat flux prediction is independent of

grid size. Hence, grid resolution of 1.93 cm was selected for the further analysis. However,

these observations are limited to heptane pool fires but not to blended fuels like gasoline

or diesel. Hence, there is a need for the sensitivity analysis for large size pool fire before

actual validation.

Xin et al. (2008) simulated 1 m diameter methane pool using FDS. The influence of the

domain size was studied by changing the domain size as shown in Fig. 2.10. The effect on

the velocity predicted at various heights was observed and concluded that the influence of

the domain size on FDS output is nil. FDS in conjunction with a mixture-fraction based

combustion model can qualitatively and quantitatively reproduce the velocity field of a

1 m methane pool fire and puffing cycle period can be accurately calculated using FDS.

Fig. 2.7 Influence of different radiation models

on predicted radiative heat flux (Lin et al., 2010)
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Fig. 2.8 Influence of number solid angles (NSA) on radiative heat flux

for a 20 cm heptane pool fire (Lin et al., 2010)

Fig. 2.9 Influence of grid size on radiative heat flux

for a 20 cm heptane pool fire (Lin et al., 2010)
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Fig. 2.10 Influence of domain size on radial

velocities predicted at various heights (Xin et al., 2005)

Ma and Quintiere (2003) reviewed the correlations for fire plumes to check the applicability

of FDS in simulating fire plumes. FDS code has been tested for unconfined fires of different

sizes, based on the dimensionless heat release rate in the range of 0.1 to 100. They found

that the optimum resolution of a pool fire simulation is around 0.05. Prediction of flame

heights was found to fit well with other flame height correlations. They concluded that

reliable results can be produced for flame height with a simulation grid size approximately

one twentieth of the fire characteristic length. Zhang et al. (2009) concluded the mean

velocity and temperature near the floor and ceiling are over predicted by FDS because of

the constant Smagorinsky constant.
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2.7 Studies on Peroxides

Schälike et al. (2012) studied the flame heights of di-tert-butyl peroxide (DTBP) pool

fires. It was observed that the non-dimensional flame height of DTBP pool fires was

two times higher compared to hydrocarbon pool fires. Hence, the regular flame height

correlations (like Thomas and Fay correlations) fail to predict flame heights in case of

DTBP pool fires. Similar observations were found for tert-butyl peroxybenzoate (TBPB)

and tert-butyl peroxy-2-ethylhexanoate (TBPEH) (Mishra, 2010). New Froude number

correlations were proposed for DTBP (Schälike et al., 2012). Mishra and Wehrstedt

(2012) studied the mass burning rates of organic peroxides collected from various reports.

Organic peroxides showed a different trend as opposed to hydrocarbon fuels like kerosene.

The mass burning rate of hydrocarbon pool fires increases with the increase in diameter

up to a certain diameter and subsequently it remains constant. The mass burning rate

of organic peroxide pool fires are diameter independent and makes them turbulent right

from the smallest possible diameter. Mishra and Wehrstedt (2011) carried out some

CFD simulations to predict the flame temperatures. The temporal and spatial averaged

thermograms were compared the CFD simulations. This comparison brings importance

of the development of numerical methods for organic peroxide fuels. Chun et al. (2009)

conducted experimental and numerical investigation on di-tert-butyl peroxide (DTBP)

pool fires. Attempts are being made in simulating the organic peroxide pool fires using

Ansys CFX code (Chun et al., 2009, Mishra and Wehrstedt, 2011). These results show

that the CFD simulations for organic peroxides are not capable enough to capture the

flame physics as accurately as they do for hydrocarbon pool fires (Mishra and Wehrstedt,

2011).

2.8 Voids in the Literature

The following summary can be extracted from the above literature review:

1. Several experimental studies are reported on open pool fires. However, there is no

comprehensive information on the influence of diameter on mass burning rate, flame

temperature, flame emissivity and radiative fraction for diesel pool fires.

2. There could be a great influence of the pool size on the temperature and heat flux of

a cask engulfed in a pool fire. Also, there is limited information in quantification of

neglecting the convective heat transfer in simulating thermal tests for B < 14.4%.

3. Conventionally, the simulation of thermal tests involves the coupling of conduction

code with fire modeling at every time step. These coupled codes are expensive in

terms of time and cost. Hence, there is a need to decouple the conduction problem

with the modeling of fire.
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4. Many simplistic assumptions are made in fire safety distance calculations. Hence,

there is a need to relax some of these assumptions.

These voids in the literature motivated for further research in the area of pool fires and

resulted in the present work.

2.9 Objectives of the Present Work

The objectives of the present work are chosen to be:

Pool fires

To study the influence of pool diameter on mass burning rate, temperature, radiative

fraction, heat flux and gas velocity. To study the variation of flame emissivity with the

height of the flame of diesel as the fuel. To relax few simplistic assumptions that were

made in fire safety distance calculations. The model proposed in this study is easy to use

and one can easily calculate the fire safety distance for a given fire scenario.

Thermal casks

To study the influence of blockage on the heat release rate of the pool fire. To quantify the

convective and radiative heat transfer from fire to a thermal cask for different blockages.

Numerical simulations

To present a more simple numerical model for the simulation of thermal tests that avoids

the coupling of conduction and fire codes and thereby reducing the computational costs

and time. To study sensitivity analysis on various parameters in Fire Dynamics Simulator.

2.10 Experimental Parameters of the Present Work

In view the objective explained above, the present work considered following parameters:

Fuels - diesel, gasoline, hexane

Pool diameters - from 0.3 m to 1.0 m for circular pool fires and a 4 m × 4 m square

diesel pool fire (0.057 MW to 41.4 MW)

Blockages ratio - in the range of 0.8 < B < 14.4%.
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CHAPTER 3

Characterization of Open Pool Fires

3.1 Introduction

The study of parameters like mass burning rate, flame emissivity is essential in order

to understand the amount of heat flux contributed from the flames. Literature review

(Section 2.2) suggests that the limited information is available on the variation of flame

emissivity with diameter (especially for pool diameters less than 1 m). This chapter

describes various experiments conducted to measure the mass burning rate and the flame

emissivity of pool fires in the following order:

• Measurement of mass burning rate

• Inference of flame emissivity from the measured mass burning rate

• Inferring of flame emissivity using infrared camera

• Measurement of flame emissivity at different locations along the axis of pool fire.

3.2 Experimental Setup

The experimental setup consists of mild steel circular pans of 2 mm thick and 15 cm

height. To avoid boiling of water at high temperatures, the pans are filled only with the

fuel, that is, without water at the base. Diesel, gasoline and hexane are considered as

fuels. The properties of the fuel are given in Table 3.1. ṁ′′∞ in Table 3.1 is the mass
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burning rate of large pool fires, i.e., for pool diameter greater than 4 m. Pool diameters

of 0.3 m to 1.0 m are studied. Due to the high boiling point of diesel, a small amount

of gasoline is used to ignite diesel pool fires. All the transient measurements are started

before the ignition of the fuel.

Table 3.1 Physical properties of different pool fires

Boiling point (◦C) Mass burning rate of large pool fire

Fuel (SFPE, 2008) ṁ′′∞ (gm/m2.s)

Diesel 250 57.0 (Chatris et al., 2001)

Gasoline 155 77.0 (Chatris et al., 2001)

Hexane 68 97.5 (Koseki, 1989)

3.3 Mass Burning Rate

A 250 kg platform type weighing scale is used for measuring mass burning rate of the pool

fires (Fig. 3.1). Mass burning rate increases with time and reaches steady state. After

ignition, the fire spreads over the entire pool surface and then progressively increases in size

and burns steadily. The former duration is called a transitory period, which corresponds

to the fire spread over the surface and the development of the fire (Chatris et al., 2001).

The transitory period increases with the increase in the diameter because of the increase

in the surface area. A similar trend is seen for all other fuels.

Fuel burns at a constant rate after the transitory period. The time period during which

fuel burns at a constant rate is called stationary period (Chatris et al., 2001). Pool fire,

in this stationary period, is fully developed. Time averaged data of the mass burning

rates per unit area (in gm/m2.s) during this stationary period is given in Fig. 3.2. It is

observed for all the fuels that as the diameter increases, the mass burning rate increases.

Babrauskas (1983) reports a similar trend for LNG pool fires. Figure 3.2 shows the

comparison of the measured mass burning rates with those reported in the literature.

Cong et al. (2009) reported a value of 19.9 gm/m2.s for diesel pool fire of diameter 0.3 m.

In this study it is found to be 17 gm/m2.s. This difference in mass burning rate may

be attributed to the environmental conditions. For gasoline pool fire of 0.3 m diameter,

Babrauskas reported mass burning rate as 25 gm/m2.s, and in this study it is found to be

29 gm/m2.s. Mass burning rate for 0.64 cm is reported as 49 gm/m2.s (Emori and Saito,

1983) which is in line with the experimental results shown in Fig. 3.2. Wind plays a vital

role on the measurement of mass burning rate. Moreover, there can be a difference in the

composition of diesel and gasoline.
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Fig. 3.1 Experimental setup of 0.3 m pool fire with weighing machine

3.4 Methodology 1: Inference of Flame Emissivity

from Mass Burning Rate

In sooty diffusion flames for most of the hydrocarbons, dominant part of radiation energy

is emitted by the soot particles. Presence of soot also plays a dominant role in radiation

energy transport. This can be appreciated by the following equation:

εt = εsoot + εgas − εsootεgas (3.1)

where εt is the total emissivity, εsoot is the soot emissivity and εgas is the gas emissivity.

The diffusion flames are luminous in nature. The luminosity is derived from the illumi-

nation provided by the soot. The gas emissivity is lower compared to soot emissivity.

Hence, it is believed that the emissivity of the hydrocarbon pool fires is contributed by

soot alone.

Figure 3.3 shows the energy balance at the fuel surface. Babrauskas (1983) applied con-

servation of energy for the liquid surface as given below:

ṁ′′∆hg = q̇′′rad + q̇′′conv + q̇′′rr + q̇′′loss (3.2)
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Fig. 3.2 Time averaged mass burning rate of different pool fires

where ṁ′′ is the mass loss rate per unit area (assumed identical to the burning rate), ∆hg is

the total heat of gasification, q̇′′rad is the radiant flux absorbed by the pool (given as σεfT
4
f ),

q̇′′conv is the heat received by convection, q̇′′rr is the re-radiant heat loss due to the surface

of the pool being at an elevated temperature and q̇′′lossis the wall conduction losses and

unsteady terms. Wall conduction losses (q̇′′loss) and re-radiant heat losses (q̇′′rr) are usually

small and hence neglected. In the radiatively dominant pool fires (large diameters), heat

received by convection (q̇′′conv) can be neglected. Therefore, Eq. (3.2) takes the form:

ṁ′′ =
q̇′′rad
∆hg

=
σεfT

4
f

∆hg
(3.3)

Flame emissivity is given as (Modest, 2003),

εf = 1− e−κβD (3.4)

where κ is the absorption extinction coefficient and β is the mean bean length corrector.

Substituting Eq. (3.4) in Eq. (3.3)

ṁ′′ =
σ
(
1− e−κβD

)
T 4
f

∆hg
(3.5)
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Fig. 3.3 Energy balance at the pool surface

Mass burning rate, ṁ′′ becomes ṁ′′∞ for larger diameter pool fires (D → ∞). Also, as

D →∞, the flame emissivity, εf → 1, i.e.,

ṁ′′∞ =
σT 4

f

∆hg
(3.6)

Combining Eqs. (3.4) to (3.6)

εf = 1− e−κβD =
ṁ′′

ṁ′′∞
(3.7)

The ṁ′′∞ of different pool fires is given in Table 3.1. Flame emissivity of a given pool fire

can be found from Eq. (3.7) provided the mass burning rate of the pool fire is known.

Flame emissivity for different pool fires (0.3 m, 0.5 m, 0.7 m and 1.0 m diameters) is

inferred from Fig. 3.2 by using Eq. (3.7). Figure 3.4 shows the flame emissivity of different

pool fires.

3.5 Inference of Emissivity using Infrared (IR)

Camera

Thermal cameras are used to measure the temperature of the flame. These instruments

require the knowledge of emissivity of the object to generate the radiometric image of the

object. Hence, flame emissivity can be measured along the camera view. Since, the flame

emissivity inferred on the basis of mass burning rate (Section 3.4) is an average flame

emissivity. Flame emissivity is measured along the height of the pool using IR camera.

This variation would give the information on the limits of the emissivity variation in the

flame. Two methodologies are employed to measure the flame emissivity using IR camera

to cross-validate the results:
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Fig. 3.4 Flame emissivity inferred from mass burning rate

1. Methodology 2: Emissivity measurement by observing the flame with reference

to a reference body using an infrared camera

2. Methodology 3: Emissivity measurement by observing the flame with reference

to an electrically heated reference body using infrared camera

Cuchi et al. (1997) and Qian and Saito (1995) reported the emissivity measurement

method using methodology I and II respectively. Since the reflectivity of the flame is

nearly equal to zero, flame emissivity is determined by measuring the flame transmissiv-

ity. This is done by taking a reference body of known emissivity as reference. These

methodologies are discussed after a brief introduction about the infrared cameras used in

this work.

3.5.1 Thermal Camera

The radiation from pool fires is mainly due to the emission from carbon dioxide and water

vapor. The significant absorption (or emission) band(s) for carbon dioxide is ∼15 µm and

for water vapor are 6 µm and 17 µm. However, the atmospheric window is in the range

of 8 µm to 13 µm, i.e., the atmosphere allows radiation in this spectrum only Modest

(2003). Hence, the radiation captured from the flames is in the range of 8 µm to 13 µm.

Thermoteknix make VisIR R© Ti 200 and Flir Systems make ThermaCamTM SC640 cameras
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are chosen for this work. The spectral range of IR cameras is 7.5 µm to 13 µm. Details

of these cameras are given in Table 3.2. The infrared camera transforms the incident

radiation into temperature readings, therefore a few parameters like emissivity of the

emitting body, atmospheric temperature between camera and object must be introduced

during post-processing of the thermal images. Typically 20 images are time-averaged for

the analysis in this study.

Table 3.2 Specifications of uncooled thermal cameras

Pixel Field of Temperature

Camera resolution view range Accuracy fpm

VisIR Ti200 320 × 240 25 × 19 -20 ◦C to 1200 ◦C ±2% of range 12

ThermaCam

SC640 640 × 480 24 × 18 −20 ◦C to 1500 ◦C ±2% of range 3

3.6 Methodology 2: Inference of Flame Emissivity

with Reference to a Body

The flame emissivity is determined by measuring the flame transmissivity by using a

square shaped stainless steel plate which acts as a reference body. This reference body

gets heated up because of the radiation from the flame which in turn emits thermal

radiation. The surface of the plate is painted with Tempil make high temperature paint,

pyromark series 2500. The emissivity of the pyromark painted surface is found to be

between 0.85± 0.05 for a temperature range of 100 ◦C to 400 ◦C (Nakos, 2005, Logenbaugh

et al., 1990). The size of the reference body is so chosen that the outer limits of the body

are always inside the pool as seen through the pool fire. Sizes of the stainless steel plates

used for pools with different diameters are given in Table 3.3. Thermoteknix make VisIR

Ti 200 camera is used in this methodology.

Thermal images are captured with the infrared camera placed in three different positions

namely:

• position 1: Image of the reference body without flame at an angle less than 45 ◦

normal to the reference body

• position 2: Image of the reference body viewing through the flame (normal to ref-

erence body)

• position 3: Image of the flame alone (by removing the reference body from position

2)

41



3. Characterization of Open Pool Fires

Table 3.3 Dimensions of reference bodies used for pool fires with different diameters

Pool Dimensions of reference body (mm)

SI no. diameter, D (m) Width, w Height, h Thickness

1 0.10 25 25 0.5

2 0.13 25 25 0.5

3 0.20 50 50 1.0

4 0.30 50 50 1.0

5 0.34 50 50 1.0

6 0.50 100 100 1.0

7 0.70 100 100 1.0

8 1.00 120 120 1.0

Fig. 3.5 shows the schematic view of the three different positions of the infrared camera.

Figure 3.6 shows the typical images taken by infrared camera from these three positions

for a diesel pool fire of diameter 0.5 m.

Fig. 3.5 Schematic of the three positions of infrared camera in methodology 2

3.6.1 Mathematical Modeling Involved in Methodology 2

The following analysis is aimed to determine the emissivity of the flame and is based

on the theory outlined by Cuchi et al. (2003). The emissivity of the reference body is

assumed to be 0.85 and it is assumed that the medium or ambient (air) is not participating

in transferring heat in any fashion. By introducing reference body emissivity (εs = 0.85),
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Fig. 3.6 Single set of thermal images of 0.5 m diesel pool fire: (a) magnified image

taken from position 1, (b) image taken from position 2 (reference body is encircled),

(c) image taken from position 3

temperature of the reference body (Ts) can be measured with infrared camera placed at

position 1. According to Stefan-Boltzmann’s law, the emissive power of radiation emitted

by the reference body (Es) can be written as

Es = σεsT
4
s (3.8)

Now, the infrared camera is shifted to position 2. The thermal radiation captured by

infrared camera located in this position, is the radiation emitted by the flame (Ef ) along

with the radiation emitted by the reference body which has traveled (transmitted) through

the flame, i.e.,

Et = Ef + τfEs (3.9)

where Et is the intensity of the radiation captured by infrared camera from position 2. If

the flame reflection is assumed to be zero, then

τf = 1− εf (3.10)

The emissive power of radiation captured by the camera in position 2 can also be written

as:

Et = σεtT
4
t (3.11)

where Tt is the flame temperature combined with reference body temperature and εt is the

flame emissivity combined with reference body emissivity. The thermal radiation from

the flame (Ef ) alone is captured by infrared camera placed at position 3. This radiation

is equal to:

Ef = σεfT
4
f (3.12)
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By introducing Eqs. (3.8) and (3.10) to (3.12) into Eq. (3.9), a function that depends on

emissivities is obtained as:

f (ε) = εfT
4
f + (1− εf ) εsT 4

s − εtT 4
t (3.13)

In Eq. (3.13), εs and Ts are known. Hence, the resolution of Eq. (3.13) requires the knowl-

edge of two parameters: εf and εt, while the other two unknowns, Tf and Tt depend on

the emissivities εf and εt respectively. To find this dependency, an analysis of the ther-

mographic images is carried out by changing the emissivities εf and εt. The function that

best fits the dependency of the temperature on emissivity which must be a characteristic

function of the infrared camera is taken as:

T = aεb (3.14)

where a and b are two constants. Fig. 3.7 shows these dependencies for a diesel oil pool

fire of diameter 0.5 m. The best fit exponential relations for these dependencies are also

shown. Introducing Eq. (3.14) into Eq. (3.13):

f (ε) = εf

(
afε

bf
f

)4
+ (1− εf ) εsT 4

s − εt
(
atε

bt
t

)4
(3.15)

There are two unknowns in the Eq. (3.15) namely εf and εt. Flame emissivity (εf ) can

Fig. 3.7 Dependency of temperature on emissivity for diesel pool fire of 0.5 m diameter
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be determined by choosing a suitable value of εt with proper reasoning. The following

considerations are taken into account while choosing the value of εt (Cuchi et al., 1997):

• It is logical to assume that the flame emissivity will always be lower than the refer-

ence body emissivity at least for the cases studied

• The emissivity at position 2, εt, must be greater than emissivity of flame and the

emissivity of reference body seen through the flame (if not the case, then εt = εf )

Fig. 3.8 shows the variation of f (ε) for a diesel pool fire with a diameter of 0.5 m. It is

observed that these conditions are met for εt greater than 0.80 and less than 0.95. It is

assumed that the combined emissivity (εt) as 0.85. This results in a flame emissivity (εf )

of 0.63 for the set of data shown in Fig. 3.8. Sensitivity of flame emissivity (εf ) for εt

varying from 0.8 to 0.95 is detailed in Section 3.11.

Fig. 3.8 Dependency of temperature and f (ε) on emissivity

for diesel pool fire of 0.5 m diameter

3.6.2 Flame Emissivity of Pool Fires at Y /D = 0.25

Experiments are conducted to measure the emissivity of diesel and gasoline pool fires using

methodology 2 at a height of Y/D = 0.25. Figure 3.9 shows the variation of emissivity of

the pool fires with diameter. Flame emissivity increases with the increase in diameter of
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the pool fire. This suggests that the radiative fraction of the total heat content increases

with the increase in diameter. Flame volume may be visualized as a combination of

a number of two-dimensional plain layers. The radiant energy of the reference body

passing through the flame is attenuated because of these participating flame layers. As

the diameter of the flame increases, the number of the layers that obstruct the reference

body radiation while it is passing through the flame increases. Hence, the transmissivity

decreases with the increase in diameter. From Eq. (3.4), flame emissivity increases with

the increase in diameter, as the transmissivity decreases. In all the measurements using

methodology 2, εt is taken as 0.85.

Fig. 3.9 Flame emissivity inferred using IR camera, methodology 2

3.6.3 Sensitivity of εf on εt

In all the measurements using infrared thermography in methodology 2, εt is taken as

0.85. Sensitivity of the flame emissivity (εf ) for εt varying from 0.8 to 0.9 is shown in

Table 3.4. The emissivity values shown in Table 3.4 are the values inferred at the bottom

plate of gasoline pool fires. For diameters from 0.3 m to 1.0 m, the variation of flame

emissivity is not more than 6% for different combined emissivities (εt = 0.8 to 0.9).
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Table 3.4 Sensitivity of εf with the variation of εt

at the bottom plate for gasoline pool fire

Flame emissivity, εf

SI no. Diameter, D (m) εt = 0.80 εt = 0.85 εt = 0.90

1 0.3 0.54 0.57 0.60

2 0.5 0.58 0.62 0.65

3 0.7 0.68 0.72 0.76

4 1.0 0.71 0.75 0.79

3.7 Methodology 3: Inference of Flame Emissivity

with Reference to an Electrically Heated Body

In order to validate the measurements of emissivity using methodology 2 (Section 3.6.2),

flame emissivity is inferred using a different methodology. The methodology used to

determine the flame emissivity is based on the calculation of flame transmissivity using

an infrared camera with reference to an electrically heated body (Qian and Saito, 1995).

Heater plates are used as reference bodies for reference to obtain the transmissivity of the

flame. These heaters are made of 0.06 mm thick stainless steel foil. Two heater plates of

80 mm × 150 mm for 0.3 diameter pool fire and 28 mm × 125 mm for 0.5 m and 0.7 m

diameter pool fire are used. The heater plate is clamped tightly and stretched between

two copper bus bars. Approximately 5 mm of the foil on either side is sandwiched in the

bus bars to ensure firm grip. The heater plate assembly is as shown in Fig. 3.10. The

lateral conduction is negligible because of the thinness of foil. Unlike the methodology 2,

the size of the plate is limited by the power supply but not by the pool diameter. This is

because the plate is maintained at a constant temperature by electrically heating but not

by radiation from pool fire. The surface of heater element is painted using a thin coat of

pyromark paint, which makes the emissivity of the surface as 0.85.

The camera used in this method is Flir Systems make ThermaCamTM SC640. One of

the outputs given by the camera is object signal. This object signal (OS) is an internal

parameter proportional to the radiation captured instead of a temperature value. This

output parameter can be used for comparative radiation measurements within the same

measurement range for the same camera, while the emissivity of the studied object must

be actually known when working with temperatures.

Emissivity is computed considering the radiant intensity (i.e., object signal) of both the

flame and the heated sheets. Images are taken with infrared camera in four different

steps. The body is placed right behind the flame, in line with camera (Fig. 3.11). The

body is heated up to 300 ◦C using a DC power supply and then the flame is ignited.
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Fig. 3.10 Schematic of flame emissivity measurement with reference to an electrically

heated body: 1. Stainless steel foil, 2. stretching screw, 3. clamping screw,

4. frame, 5. copper bus bar

Fig. 3.11 Schematic view of different positions of infrared camera and the heated body

assembly in methodology 3
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After 3 minutes, the images of the body through the flame are captured. The object

signal camera in this position is the combination of the radiant intensity of flame and the

radiant intensity of the body when seen through the flame:

OS300 ∝ (If + τfIs300) (3.16)

where If is the radiant intensity of the flame, τf is the transmissivity, Is300 is the radiant

intensity of the heated body at 300 ◦C. The temperature of the heated body is increased

to 400 ◦C. The second set of data is captured in this position. The object signal captured

by the camera in this position is given by:

OS400 ∝ (If + τfIs400) (3.17)

The third set of data is captured by putting out the flame (body alone at 400 ◦C). The

radiation intensity of the body at 400 ◦C captured by the camera is:

OSs400 ∝ Is400 (3.18)

The temperature of the body is reduced to 300 ◦C. In this position of the camera (flame

is off), the fourth set of data is collected. The radiant intensity of the body at 300 ◦C

captured by the camera in this position is:

OSs300 ∝ Is300 (3.19)

The emissivity of the flame is computed by considering the radiant intensity of both the

flame and the heated sheets. Using Eqs. (3.16) to (3.19), the emissivity of the flame in

terms of object signal can be written as:

εf = αf = 1− τf = 1− OS400 −OS300

OSs400 −OSs300
(3.20)

where OS400 and OS300 correspond to the combined radiant intensity of the flame and

body. The radiant intensities of the corresponding heated sheets alone are named as

OSs400 and OSs300.

3.8 Comparison of Flame Emissivities Inferred

using Methodologies 2 and 3

Emissivity of a pool fire measured by observing flame with reference to a body using

infrared camera is compared with a method involving infrared camera with reference to

an electrically heated body for diesel pool of diameters 0.3 m, 0.5 m and 0.7 m. The

position of the body in both the methods is located at a height of 0.25 times the diameter
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(Y/D = 0.25) of the pool fire. Figure 3.12 shows that the measured emissivities from

both the methods are comparable to each other. The percentage deviation of the flame

emissivity measured using methodology 2 from that measured using methodology 3 is

10% for 0.3 m, but for 0.5 m and 0.7 m the percentage deviation is less than 5%. In

methodology 2, the body is heated up by the radiation from the flame, where as in

methodology 3, the body is electrically heated up. But the measured flame emissivities

are independent of the methodology employed (Fig. 3.12).

Fig. 3.12 Comparison of flame emissivity measured using methodologies 2 and 3

3.9 Variation of Emissivity with Height for

Different Pool Diameters

Flame emissivity variation along the axis is measured using IR camera with reference to

a body (methodology 2). Multiple plates along the vertical axis are used as reference

bodies. The sizes and the position of the plates used are given in Table 3.5 and Fig. 3.13.

The results obtained for diesel pool fires of diameters 0.3 m, 0.5 m, 0.7 m and 1.0 m are

shown in Fig. 3.14.

Emissivity at the tip of the flame is 25% less than the emissivity observed at the base

of the pool. This may be because of the decrease in the flame thickness (decrease in the
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Table 3.5 Sizes and positions of multiple plates

Plate size (cm) Position of plate (cm)

D (m) Width, w Height, h Y1 Y2 Y3 Y4 Y5 Y6

0.3 5.5 5.5 9.3 15.7 22.1 28.6 35.5 -

0.5 5.5 5.5 10.7 21.7 30.9 40.1 48.2 57.3

0.7 5.0 4.5 13.9 24.1 33.1 41.2 49.5 -

1.0 7.5 8.0 21.0 31.7 43.4 - - -

Fig. 3.13 Illustration of the arrangement of multiple plates
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Fig. 3.14 Variation of emissivity along the height of diesel pool fires

number of participating flame layers) as one moves along the vertical axis from the pool

base.

To get the overall flame emissivity of the flame, the emissivity values from the five locations

(five plates) are averaged for each pool fire. Figure 3.15 shows that the average flame

emissivity measured using infrared thermography and the flame emissivity inferred from

mass burning rate are comparable. This establishes the methodology of measuring the

flame emissivity. Hence, for all the remaining experiments, flame emissivity is measured

on the basis of mass burning rate (methodology 1) is employed.

3.10 Optical Thickness

The mean optical thickness (κβ) can be obtained from Eq. (3.4) using Fig. 3.4. For diesel

pool fires, κβ is found to be 1.16 m-1, which is in-line with Rew et al. (1997) whose value

is 1.3 m-1. The mean optical thickness for gasoline pool fire is found to be 1.52 m-1 and

for hexane pool fire 1.1 m-1.

3.11 Uncertainty Analysis

The uncertainty in the measurement of the mass burning rate is around 2% - 9%. However,

the uncertainty in the measurement of ṁ′′∞ cannot be quantified because this value is taken

52



3. Characterization of Open Pool Fires

Fig. 3.15 Comparison of emissivity values inferred using mass burning rate and

thermography

from the literature.The repeatability in the measurement of mass burning rate for the

various experiments conducted is within 3%. The uncertainty in the measurement of the

flame emissivity is around 10%. One of the sources of uncertainty in the measurement of

emissivity is the presence of atmospheric wind. As these are open pool fire experiments,

there is no control on the atmospheric wind. Experiments are conducted at around

6.30 AM to 8.00 AM in order to keep the wind velocity lower than 2 m/s. The base

length is large for larger diameter pool fires and the dense flame is spread over to larger

areas and hence the reference body seen through the flame covers reasonably uniform

emissivity area. But, for smaller diameter pool fires, reference body seen through the

flame involves non-uniform emissivity area. Hence, the uncertainty in the measurement

of emissivity for larger diameter pool fires (0.7 m and 1.0 m) is around 5%. However,

the uncertainty in the measurement of emissivity for smaller diameter pool fire (0.3 m)

is around 10%. A variation of 10% in the emissivity value only resulted 5% deviation

in temperature. The repeatability in the flame emissivity measurement for the various

experiments conducted is within 2%.
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3.12 Temperature Distributions of Diesel Pool Fires

Since the flame is gaseous and taking into account that flame’s emissivity varies with

position, the temperature obtained from the IR camera does not represent the true flame

temperature. However, if the distance between the camera and the flame is large enough,

the fire can be replaced by an imaginary wall (placed in front of the pool), which shows the

apparent temperature distribution obtained by the thermographic camera (Chun et al.,

2009, Hayasaka et al., 1992, Muñoz et al., 2004, 2007). Average flame emissivity values

are used to obtain the temperature distribution of the open pool fires from the thermal

images. In each set of experiments, thermal images of the flame are captured using a

thermal camera (VisIR Ti200) at a rate of 12 fpm.

Using emissivity values measured on the basis of mass burning rate (Fig. 3.4), these ther-

mal images are converted to corresponding temperature contour plots. For each diameter

around 20 to 40 temperature plots are averaged. Figures 3.16 and 3.17 show these tem-

perature distributions for diesel pool fires of 0.3 m, 0.5 m, 0.7 m and 1.0 m diameters. The

origin in all these figures is chosen at the center of the base of the pool. The horizontal

and the vertical axis are non-dimensionalized by dividing the axis with diameter of the

pool fire. Peak values are observed at Y/D = 0.1 (X/D varies -0.2 to 0.2) and along

the centerline of the pool for all the diameters that are considered. The temperature and

emissive power distributions of gasoline and hexane pool fires are details in Appendix A.

The temperature variations along the height of the pool on different vertical lines namely,

X/D = -0.25, -0.125, 0, 0.125 and 0.25 are shown in Figs. 3.18 and 3.19 for all the

diameters that are considered in this study. As discussed earlier, there is a peak at Y/D

= 0.1 and then the temperature falls along the height of the pool. The highest values are

due to the hot burnt and unburnt gases. As the burnt and unburnt gases move up due

to the buoyancy force, they get cooled by mixing up with ambient air. Hence, there is a

decrease in temperature values as the particles move up from the base of the pool fire.

The peak temperature varies from 1100 K (for 0.3 m diameter) to 1200 K (for 1.0 m

diameter). The temperature variations along the horizontal lines at different heights from

the pool base namely, Y/D = 0.1, 0.5, 1.0, 1.5, 2.0, are shown in Figs. 3.20 and 3.21.

At Y/D = 0.1, the temperature measurements are higher than the temperatures at other

heights. Moreover, the highest temperature is measured at X/D = 0 and at height Y/D

= 0.1. The temperature values decreases with the height.
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Fig. 3.16 Temperature contour of 0.3 m and 0.5 m diesel pool fire

Fig. 3.17 Temperature contour of 0.7 m and 1.0 m diesel pool fire
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Fig. 3.18 Temperature variations along the height of 0.3 m and 0.5 m diesel pool fire

Fig. 3.19 Temperature variations along the height of 0.7 m and 1.0 m diesel pool fire
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Fig. 3.20 Temperature variations at different heights of 0.3 m and 0.5 m diesel pool fires

Fig. 3.21 Temperature variations at different heights of 0.7 m and 1.0 m diesel pool fire
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3.12.1 Validation of Thermal Camera Temperature

Measurements

Flame temperature is measured at several locations using K-type thermocouples along

the axis of 0.3 m pool fire. A set of 20 sheathed K-type thermocouples are placed along

the centerline of the pool axis. Each thermocouple is separated from the other by 2.5 cm.

The experimental set up is shown in Fig. 3.22. All the thermocouples are connected to

the computer via data logger. Though the temperature data from the thermocouples are

being used extensively in the literature, these readings are not the representation of the

true gas temperature (Luo, 1997, Francis and Yau, 2004). An estimation of error can be

derived from an energy balance equation on the thermocouple junction. The difference in

between the true gas and the thermocouple junction is given by (Luo, 1997, Silvani and

Morandini, 2008):

Tf − TTC =
εTCσ (1− εf )T 4

f

hTC + 4εTCσT 3
f

(3.21)

where hTC is the convective heat coefficient. hTC can be obtained from Nusselt number

correlation (Incropera and DeWitt, 2002) by assuming the thermocouple junction as a

cylinder and is given by:

hTC =
kf
dTC

(
0.43 + 0.53 Re0.5 Pr0.31

)
(3.22)

where dTC is the diameter of the thermocouple (1.5 mm). For velocity of the gas is taken

as 2 m/s for calculating Reynolds number. Figure 3.23 shows the centerline temperature

distributions from thermocouples (after correction) and thermal images for pool fires of

diameter 0.3 m. This shows a good agreement in the temperature values inferred from

thermal images.

Fig. 3.24 shows the centerline temperature distribution of the pool fires of present work

and the centerline temperature distributions reported by McCaffrey (1979). McCaffrey

measured the centerline temperature distributions of natural gas for different heat release

rates. The size of the burner used to produce purely buoyant diffusion flame was 0.3 m

square. By varying the gas flow rates, he achieved different fire sizes or heat release rates.

Y /Q2/5 is represented along the abscissa in Fig. 3.24. Heat release rate (Q) for a given

pool fire is given by (Babrauskas, 1983):

Q = η ṁ′′A∆Hc (3.23)

where η is the efficiency of combustion, A is the pool surface area and Hc is the effective

heat of combustion. In this study, η is assumed to be unity and Hc is taken as 47 MJ/kg

(Akers et al., 2006). Figure 3.24 suggests that the temperature distribution of diesel pool
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Fig. 3.22 Experimental arrangement of thermocouples

Fig. 3.23 Centerline temperature distribution for 0.3 m diesel pool fire

59



3. Characterization of Open Pool Fires

Fig. 3.24 Comparison of centerline temperatures of the present

work with McCaffrey’s data (McCaffrey, 1979)

fire qualitatively matches with that reported by McCaffrey (1979). In both the cases, the

centerline temperature increases with the increase in heat release rate (mass burning rate).

However, substantial quantitative differences between the present results and McCaffrey’s

data exist. These differences may be attributed to the soot existing in the diesel pool fires.

The flame height for natural gas (3D) is higher than diesel (2.5D) and hence there is a

considerable change in the temperatures for diesel and natural gas pool fires at higher

heights. Similar observations are reported by Koseki (1989).

3.13 Emissive Power Distributions of Diesel Fires

The apparent temperature at each pixel on the thermographic image, can be transformed

to emissive power using the relationship

Eij = σεfT
4
ij (3.24)

where Tij is the temperature (K) of a pixel element, i and j indicate the position/location

in the thermographic image, Eij is the emissive power (kW/m2) at that location. Surface

emissive power distributions are calculated for diesel pool fires of diameters 0.3 m, 0.5 m,

0.7 m and 1.0 m (shown in Figs. 3.25 and 3.26). A point on this imaginary wall does not

necessarily represent the real emissive power of the flame behind this imaginary wall, but

the approximation is accurate enough for the emissive power distribution of the flame to
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be analyzed (Muñoz et al., 2004). The emissive power variations along the height of the

pool on different vertical lines namely, X/D = -0.25, -0.125, 0, 0.125 and 0.25 are shown

in the Figs. 3.27 and 3.28 for all the diameters that are considered in this study. There

is a peak at Y/D = 0.1 and then the heat flux falls along the height of the pool. The

emissive power variations along the horizontal lines at different heights from the pool base

namely, Y/D = 0.1, 0.5, 1.0, 1.5 and 2.0, are shown in Figs. 3.29 and 3.30. At Y/D =

0.1, the emissive power measurements are higher than the emissive power measurements

at other heights. The emissive power distributions of gasoline and hexane pool fires are

details in Appendix A.

Fig. 3.25 Emissive power distribution of 0.3 m and 0.5 m diesel pool fire

3.14 Heat Flux Measurements at a Distance

Flame volume may be visualized as a combination of number of two-dimensional plain

layers. A two-dimensional radiometric image can only give information of the radiation

coming from all of these two-dimensional plain layers cumulatively, but not individually.

The radiation from the extreme end layer (farthest layer from the camera) of the flame

has to penetrate all the other flame layers in order to be perceived by the camera, whereas

the radiation from the layer which is nearer to the camera can directly be perceived by

the camera. Hence, the radiometric image is the representation of the equivalent energy

release from the flame volume as if the whole energy is released from a vertical two-

dimensional plain which is placed at the center of the pool. Therefore the heat flux

calculated at a distance from the radiometric image must be equivalent to that measured
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Fig. 3.26 Emissive power distribution of 0.7 m and 1.0 m diesel pool fire

Fig. 3.27 Emissive power variations along the height of 0.3 m and 0.5 m diesel pool fire
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Fig. 3.28 Emissive power variations along the height of 0.7 m and 1.0 m diesel pool fire

Fig. 3.29 Emissive power variations along the height of 0.3 m diesel pool fire
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Fig. 3.30 Emissive power variations along the height of 0. m diesel pool fire

from the flame by the heat flux sensor at the same location. Emissive power at a pixel in

the radiometric image in Eq. (3.24). The heat flux passing through an area, A2 from the

pixel A1 is (Fig. 3.31)

q′′1−2 =
F1−2A1E1

A2

(3.25)

View factor, F1−2 is involved in the calculation procedure of heat flux at a distance from

the radiometric image. Consider two parallel rectangles of area A1 and A2 separated by

a distance of z m as shown in Fig. 3.31. The view factor as seen from A1 to A2 is given

as (Howell, 2008):

f1−2 =
1

(x2 − x1)(y2 − y1)

2∑
l=1

2∑
k=1

2∑
j=1

2∑
i=1

(−1)(i+j+k+l)G (xi, yj, ηk, ξl) (3.26)

G =
1

2π


(y − η) [(x− ξ)2 + z2]

1/2 tan−1
{

y−η
[(x−ξ)2+z2]1/2

}
+(x− ξ) [(y − η)2 + z2]

1/2 tan−1
{

y−ξ
[(y−η)2+z2]1/2

}
− z2

2
ln [(x− ξ)2 + (y − η)2 + z2]

 (3.27)

The assumption made in deriving view factor is that the distance z is far greater than the

sides of the rectangles considered. f1−2 is different to F1−2, as the earlier represents the

view factor between two rectangular surfaces, but the latter represents the view factor

between apparent two dimensional pixel to a rectangular surface. From previous exper-

iments, it is found that F1−2 is four time larger than f1−2 for all the diameters used in
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this work. Using Eq. (3.24) and Eq. (3.25) in Eq. (3.26), the heat flux passing through

an area, A2 from the pixel A1 of pool fire can be calculated. Therefore, the net heat flux

passing through an area, A2 from the flame represented by n pixels is:

q̇′′f−A2
=

n∑
i=1

(Fi−2A1Eij)

A2

(3.28)

3.14.1 Validation of Heat Flux

Experiments are conducted on a diesel pool fire of 0.3 m diameter using Schmidt Boelter

gauge (radiometer). The heat flux gauge is traversed along the vertical axis from a distance

of 0.3 m from the pool center (Fig. 3.32. At each position, measurements are made for a

period of 30 seconds to get time averaged heat flux at that location. Figure 3.33 shows

the comparison of heat flux measurements at Z/D = 1 with heat flux transducer and

camera for 0.3 m diameter pool fire. There is a reasonably good agreement between the

computed results using Eq. (3.28) and measurements using heat flux gauge. A similar

experiment on gasoline pool fire is also conducted on gasoline pool fire Appendix A. It is

found that the heat flux measurements using infrared camera are compared well with the

Schmidt Boelter gauge.

Fig. 3.31 Schematic of rectangle-rectangle in a parallel plane

for finding the view factor (Howell, 2008)
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3. Characterization of Open Pool Fires

Fig. 3.32 Heat flux measurements using Schmidt Boelter gauge:

(a) Schematic view, (b) Experimental setup for 1 m pool fire

Fig. 3.33 Comparison of heat flux measurements at Z/D = 1 with sensor and infrared

camera for diesel fire of 0.3 m pool diameter
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3.14.2 Heat Flux at Z/D = 1

Figure 3.34 shows the heat flux measurements of 03 m, 0.5 m, 0.7 m and 1.0 m at a

distance of Z/D = 1. It is observed that the heat flux values increase with the increase

in the pool diameter. Maximum heat flux is obtained at different heights for different

diameters. This peak is shifted towards the top from Y/D = 0.37 for 0.3 m diameter to

Y/D = 0.53 for diameter 1.0 m. The maximum heat flux value varies from 9.8 kW/m2

(for 0.3 m diameter) to 33 kW/m2 (for 1.0 m diameter).

Fig. 3.34 Heat flux variation with Y/D at Z/D = 1 for diesel pool fires

3.14.3 Radiative Fraction

Radiative fraction (χr) is defined as the ratio of the energy radiated to the surroundings

to the idealized combustion heat release. Radiative fraction is given by:

χr =
Qr

HRR
(3.29)

where Qr (kW) is the radiative heat loss to the surroundings, HRR′′ is the heat release

rate.

Due to the difficulties involved in measuring the distribution of the radiant flux over a

surface surrounding the fire, many estimates of radiative heat loss fraction reported in

the literature rely on a single-location measurement and the assumption of isotropy. Heat
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3. Characterization of Open Pool Fires

flux is measured at a location of R m away from the pool fire. This measured heat flux

is then multiplied with the area of the virtual sphere formed with radius R. The center

of this virtual sphere is located on the pool surface, at the axis, i.e., at x = 0 and y = 0.

Hence, the radiative heat loss in a single-location measurement is given by:

Qr = 4πR2 · q′′ (3.30)

where R is the radius of the virtual sphere and q′′ is the radiative heat flux at the measured

location on the virtual sphere.

Radiative fraction can also calculated using multi-location measurement. It is calculated

by integrating the measured vertical (q′′(y)) and radial (q′′(r)) distributions of radiative

flux using the relation:

Qr = 2π

(∫ R

R0

r · q′′(r)dr +R · q′′(y)dy

)
(3.31)

where q′′(y) is the heat flux measured at a distance R from the pool center and along the

vertical axis, q′′(r) is the heat flux measured along the horizontal line at the base of the

pool fire Fig. 3.35. Heat flux along the vertical axis has to be measured until the heat

flux approaches zero. q′′(y) and q′′(r) are obtained from Eq. (3.28). The constant G in

Eq. (3.26) for q′′(r) is given as (Howell, 2008):

G =
1

2π

[
(y − η) (x2 + ξ2)

1 2
tan−1

{
y−η

(x2+ξ2)1 2

}
−1

4
[x2 + ξ2 − (y − η)2] ln [x2 + ξ2 − (y − η)2]

]
(3.32)

Fig. 3.35 Schematic of radiative fraction calculation

Figure 3.36 shows the variation of radiative fraction for diesel pool fires of diameters

0.3 m, 0.5 m, 0.7 m and 1.0 m. Radiative fraction increases with the increase in diameter
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at least for the diameters that are considered in this study. From Fig. 3.36, it is observed

that the single-location measurement underpredicted the radiative fraction by 11.8% for

0.3 m diameter. For larger diameters both the single-location measurement and the multi-

location measurement gave the same results.

Fig. 3.36 Variation of radiative fraction with the pool diameter for diesel pool fires

3.14.4 Flame Height

Flame height is defined as the average position of the luminous flame (Consalvi et al.,

2007). The luminosity of the lower part of the flaming region appears fairly steady,

whereas the upper part fluctuates or, in other words, is intermittent. Mean flame height

is the height at which the intermittency is 0.5, i.e., the height above which the flame

appears half the time. The visual images are taken for diesel pool fires of diameters

0.3 m, 0.5 m, 0.7 m and 1.0 m. The flame height for diesel pool fires is found to be

varying from 2.13D for smaller pool fire to 2.5D for larger pool fire.

3.15 Conclusions

Flame emissivity is an important parameter for characterizing an open pool fire. Flame

emissivity is measured using three methodologies namely emissivity measurement by ob-

serving flame with reference to a reference body using infrared camera, emissivity mea-

surement using infrared camera with reference to an electrically heated reference body
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and inference of emissivity from mass burning rate. Emissivity measured by observing

flame with reference to a reference body is corroborated with that measured by using

electrically heated body as a reference for diameters 0.3 m, 0.5 m and 0.7 m.

Flame emissivity of pool fires is measured for diesel, gasoline, hexane and kerosene with

different pool diameters (0.1 m, 0.13 m, 0.2 m and 0.3 m) at the base of the pool fire (Y/D

= 2.5). Flame emissivities are measured by observing flame with reference to a reference

body using infrared camera. It is observed that the flame emissivity increases with the

pool diameter for all fuels covered in this study. The percentage deviation of emissivities

of gasoline when hexane in the range of pool diameters considered is ±10%. Both of these

fuels are volatile in nature. Kerosene is observed to have higher emissivities where as

diesel is observed to have lower emissivities when compared to other fuels. Variation of

flame emissivity with the height of the flame along the center of diesel pool fire (0.30 m,

0.50 m, 0.7 m and 1.0 m) is investigated using multiple reference bodies at various heights.

Emissivities at the tip of the flame are less than the emissivities at the base of the pool

fire.

Mass burning rate is measured for diesel pool fires (0.30 m, 0.50 m, 0.7 m and 1.0 m).

Mass burning rates for diesel pool fire increases with the increase in diameter. Estimated

emissivities from mass burning rates are comparable with the average values obtained

using infrared camera with reference to a reference body. The mean optical for diesel

pool fires, κβ is 1.16 m-1, for gasoline pool fire is 1.52 m-1 and for hexane pool fire 1.1 m-1.

Temperature and emissive power distributions of the diesel pool fires for diameters 0.30 m,

0.50 m, 0.7 m and 1.0 m are computed using infrared thermography by employing the

emissivity values in the thermal images. It is observed that the maximum temperature

lies at the bottom of the flame along the pool central axis and falls with the height.

The radiative fraction measured using single-location measurement underpredicted the

values for lower diameters and are comparable for higher diameters with multi-location

measurement. The radiation fraction for diesel pool fires vary from 0.17 to 0.27 for pool

diameters from 0.3 m to 1.0 m.
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CHAPTER 4

Fire Safety Distances for Open Pool Fires

4.1 Introduction

Fire safety distance (FSD) is of greater interest in view of the safety of fire fighters, safe

distance for building constructions and also in emergency evacuation of people. Fire safety

distance calculations also helps in arranging for the large scale experiments. FSD answers

the questions like: the distance at which the controlling system has to be placed, the

distance at which the thermal camera has to be placed without burning it out, nearest

safe distance for a observer with and without protective clothes. The emissive power

distributions that are measured in the previous chapter are utilized to measure the FSD

of different pool fires. The objective of this work is to relax few too simplistic assumptions

that were made in fire safety distance calculations. The model proposed in this study is

easy to use and one can easily calculate the fire safety distance for a given fire scenario.

Circular pool fires of diameters 0.5 m, 0.7 m, 1 m and a square pool fire of 4 m length are

chosen to study the fire safety distances. Diesel, gasoline and hexane are used as fuels for

all the circular pool fires and diesel is used in square pool fire. The temperature profile

of the pool fires are measured using an infrared camera. These temperature profiles are

used in computing the incident heat flux at different locations from each pool fire.
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4. Fire Safety Distances

Table 4.1 Consequences of thermal heat flux on human bodies (Zarate et al., 2008)

Heat flux

(kW/m2) Effects on a human body

1.4 Harmless for persons without any special protection

1.7 Minimum required to cause pain

2.1 Minimum required to cause pain after 60 s

4.0 Causes pain after an exposure of 20 s(first degree burns)

4.7 Causes pain in 15-20 s and burns after 30 s

7.0 Maximum tolerable value for firefighters completely covered protected

by special Nomex protective clothes

10.0 Certain polymers can ignite

11.7 Thin steel (partly insulated) can lose mechanical integrity

12.6 Wood can ignite after a long exposure; 100% lethality

25.0 Thin steel (insulated) can lose mechanical integrity

37.5 Damage to process equipment and collapse of mechanical structures

4.2 Fire Safety Distance

Fire safety distance is defined as that at which the thermal radiation flux is equal to some

prescribed level. This level depends on what is to be conserved or protected (Atallah

and Allan, 1971). The estimation of radiation flux from fires is very crucial and this

provides a basis for establishing the safe zones for fire fighters and structures. Zarate

et al. (2008) tabulated, from various sources, the consequences of diverse thermal fluxes

and thermal radiation threshold values, as shown in Table 4.1. It shows the consequences

of thermal radiation on human bodies. It is identified that a person is safe when he

is exposed to heat fluxes less than 1.4 kW/m2. In this region, no special protection is

required for inordinately long time. A person experiences a first degree burn for a heat

flux of 4.7 kW/m2 in 30 s. These two limits are identified in all the measurements in this

study.

4.3 Mathematical Modeling

The radiometric image that is obtained from the thermal camera is a two dimensional

distribution comprising of number of pixels. The radiometric image is the representation

of the equivalent energy release from the flame volume as if the whole energy is released

from a vertical two-dimensional plain which is placed at the center of the pool. The

thermal energy received by a person who is standing at some distance from the fire is due

to contribution from all the pixels of the radiometric image. Emissive power at a pixel in
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the radiometric image is given by Stefan-Boltzmann constant:

E1 = σεfT
4
1 (4.1)

The heat flux passing through an area, A2 from the pixel A1 is

q′′1−2 =
F1−2A1E1

A2

(4.2)

View factor, F1−2 is involved in the calculation procedure of heat flux at a distance from

the radiometric image. Consider two parallel rectangles of area A1 and A2 separated by

a distance of z m as shown in Fig. 5.10. The view factor as seen from A1 to A2 is given

as Howell (2008):

f1−2 =
1

(x2 − x1)(y2 − y1)

2∑
l=1

2∑
k=1

2∑
j=1

2∑
i=1

(−1)(i+j+k+l)G (xi, yj, ηk, ξl) (4.3)

Fig. 4.1 Schematic of rectangle-rectangle in a parallel plane

for finding the view factor (Howell, 2008)
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G =
1

2π


(y − η)

[
(x− ξ)2 + z2

]1/2 tan−1

{
y − η

[(x− ξ)2 + z2]1/2

}

+(x− ξ)
[
(y − η)2 + z2

]1/2 tan−1

{
y − ξ

[(y − η)2 + z2]1/2

}
−z

2

2
ln
[
(x− ξ)2 + (y − η)2 + z2

]


(4.4)

The assumption made in deriving view factor is that the distance z is far greater than the

sides of the rectangles considered. f1−2 is different to F1−2, as the earlier represents the

view factor between two rectangular surfaces, but the latter represents the view factor

between apparent two dimensional pixel to a rectangular surface. From previous exper-

iments, it is found that F1−2 is four times larger than f1−2 for all the diameters used in

this work. Using Eq. (4.1) and Eq. (4.2) in Eq. (4.3), the heat flux passing through an

area, A2 from the pixel A1 of pool fire can be calculated. Therefore, the net heat flux

passing through an area, A2 from the flame represented by n pixels is:

q̇′′f−A2
=

n∑
i=1

(Fi−2A1Ei)

A2

(4.5)

The net heat flux from the flame is measured by moving the position of A2 away from

the axis of the pool and also moving along the height of the pool fire.

4.4 Experimental Setup

Open pool fire experiments are conducted for different pool sizes and different fuels.

Circular pool fires of diameters 0.5 m, 0.7 m, 1 m with diesel, gasoline and hexane as

fuels. The pans are made up of 2 mm thick mild steel and of 15 cm in height. Fuel is

filled into the pans to a height of 10 cm. The wind velocity is less than 2 m/s during all

the pool fire experiments that are conducted. Further details of these circular pool fire

experiments are explained in Chapter 3. The fire safety distances are calculated from the

temperature and emissive power distributions given in Chapter 3 and Appendix A.

A large square diesel pool fire experiment is conducted at Centre for Fire, Environment

and Explosive Safety (CFEES), Delhi in India. This pool is made of brick and cement

and of 4 m × 4 m in size. 1000 liters of diesel is filled into the pool above a 75 mm thick

layer of water bed. For the square pool fire of 4 m length, the emissivity is considered as

0.94 from mass burning rate calculations Babrauskas (1983). Figure 4.2 shows the visual

image of large pool fire experiment. Each experiment is conducted for at least 20 min.

Thermal images are captured using VisIR 640, thermal camera. The images are time

averaged to get the average temperature distribution of pool fire. The flame temperature

distribution is shown in Fig. 4.3. It is observed that a maximum temperature of around
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1000 ◦C at a height of 0.6 m axially. The emissive power distributions are computed using

Eq. (4.1). Figure 4.3 shows the emissive power distribution of the large square pool fire.

Using Eq. (4.5), the heat fluxes at different locations from the pool fire are calculated.

The area, A2 in Eq. (4.5) is taken 1 cm2 in all the calculations, i.e.,, the heat fluxes

mentioned in this study are averaged over an area of 1 cm2.

4.5 Validation of Heat Flux Measurements

Experiments are conducted on a diesel pool fire of 0.3 m diameter using Schmidt Boelter

gauge. The heat flux gauge is traversed along the vertical axis from a distance of 0.3 m

from the pool center. In each position measurements are made for a period of 30 seconds

to get time averaged heat flux at that location. Figure 4.5 shows the comparison of heat

flux measurements at Z/D = 1 with heat flux transducer and camera for 0.3 m diameter

pool fire. There is a reasonably good agreement between the computed results using

Eq. (4.5) and measurements using heat flux gauge. A similar experiment on gasoline pool

fire is also conducted on gasoline pool fire. It is found that the heat flux measurements

using infrared camera are compared well with the Schmidt Boelter gauge.

Fig. 4.2 Large scale diesel pool fire experiment
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Fig. 4.3 Temperature distribution of a 4 m × 4 m diesel pool fire

4.6 Results and Discussions

The temperature distributions of pool fires are captured using an infrared thermal camera.

Experiments are conducted on circular pool fires of diameters 0.5 m, 0.7 m and 1.0 m

and a square pool of length 4 m. Figures 4.6 to 4.15 show the irradiance from pool fires

of different sizes. The threshold values of 1.4 kW/m2 (dotted line) and 4.7 kW/m2 (solid

red line) are marked in all the Figs. 4.6 to 4.15. The abscissa represents the distance

from the pool center and the ordinate represents the height above the cylinder tip. The

abscissa starts from 0.5D, i.e.,, the tip of the mild steel cylinder.

It is observed from the Figs. 4.6 to 4.15, that the irradiance decreases as one moves

away from the pool fire and is obvious as the farther the distance, lesser the influence of

radiation from the fire. As the distance increases, the view factor from the flame to the

object decreases and hence, decreases the radiation. The maximum heat flux is observed

at the tip of the pool surface to a height of 1D. Though the safety zones along the height

are shown in this study, care is to be taken while considering the presence of soot and

the availability of oxygen. The presence of soot and the availability of oxygen are not
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Fig. 4.4 Emissive power distribution of a 4 m × 4 m diesel pool fire

Fig. 4.5 Comparison of heat flux measurements at Z/D = 1 with sensor and infrared

camera for diesel fire of 0.3 m pool diameter
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Fig. 4.6 Fire safety distances for a 0.5 m diameter diesel pool fire

Fig. 4.7 Fire safety distances for a 0.7 m diameter diesel pool fire
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Fig. 4.8 Fire safety distances for a 1.0 m diameter diesel pool fire

Fig. 4.9 Fire safety distances for a 0.5 m diameter gasoline pool fire
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Fig. 4.10 Fire safety distances for a 0.7 m diameter gasoline pool fire

Fig. 4.11 Fire safety distances for a 1.0 m diameter gasoline pool fire
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Fig. 4.12 Fire safety distances for a 0.5 m diameter hexane pool fire

Fig. 4.13 Fire safety distances for a 0.7 m diameter hexane pool fire
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Fig. 4.14 Fire safety distances for a 1.0 m diameter hexane pool fire

Fig. 4.15 Fire safety distances for a 4 m × 4 m diameter diesel pool fire
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Table 4.2 Fire safety distances for different pool fires

Pool diameter/length, D

Fuel 0.5 m 0.7 m 1.0 m 4.0 m

Diesel 5.5D 5.5D 5.7D 7.8D

Gasoline 5.7D 6.3D 7.1D -

Hexane 4.5D 6.7D 9.2D -

considered in this study while prescribing the fire safety distances and is out of the scope

of this work.

Figures 4.6 to 4.8 show the fire safety distances from circular diesel pool fires. For all the

circular diesel pool fires, the safety zone, on the ground, is around 5.7D away from pool

fire. The maximum heat flux received from these pool fires is around 45 kW/m2. The

safety zone in view of height is varying. Figures 4.9 to 4.11 are the computed fire safety

distances for gasoline pool fires of diameters 0.5 m, 0.7 m and 1.0 m. For all the circular

gasoline pool fires the safety zone, on the ground, is varying from 5D to 7D away from

pool fire. The temperatures and the emissive powers of the gasoline fires are observed to

be higher than that of the corresponding diesel pool fires.

Figures 4.12 to 4.14 are the computed fire safety distances for hexane pool fires of di-

ameters 0.5 m, 0.7 m and 1.0 m. For all the circular hexane pool fires the safety zone,

on the ground, is varying from 4.5D to 9.5D away from pool fire. The temperatures

and the emissive powers of the hexane fires are observed to be higher than that of the

corresponding diesel and gasoline pool fires. For the large square pool fire (Fig. 4.15), the

person has to stand at least 8D away from pool fire. The maximum heat flux observed is

around 75 kW/m2 at the tip of the pool surface.

Table 4.2 shows the fire safety distances for different pool fires on ground level. It is

observed that the hexane fuel is more dangerous than the other fuels that are considered

in this study. Table 3.1 shows the boiling point temperatures and the mass burning

rates of different pool fires. Boiling point temperature is a property of the fuel and is

independent of the pool size, where as the mass burning rate depends on the size. Hexane

has a low boiling temperature as compared to diesel and gasoline and hence evaporates

even at lower temperatures. Hence, the mass burning rates of hexane are higher than

the of the corresponding diesel or gasoline pool fires. This makes more fuel to burn and

release more energy at a given instant.

A person with special fire safety protection dress can go nearer to the flame from safety

zone, basing on the heat flux rating of the dress. Care must be taken before leaving

the safety zone (1.4 kW/m2). One has to check for any kind of exposure of body due
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to wear or tear of the protective equipment. More precautions should be taken in case

of high wind velocities. Flame gets tilted because of the wind and hence the person or

the instrumentation or the objects may get affected, even if they are in the safety zone.

The safety limits prescribed in this work are purely thermal with no consideration of the

presence of soot that pollutes the air nor the absence of oxygen that is essential for human

beings.

Using these plots, one can decide on the placement of instrumentation or any kind of

equipment or sensors. Equipments with low operating temperatures should be kept in the

safety zone. Proper insulation is required for all those instruments or equipments that

are placed in high heat flux zones.

4.7 Conclusions

Fire safety distances for circular pool fires of 0.5 m, 0.7 m and 1.0 m diameters and a

square pool fire of length 4 m are computed using infrared thermal camera. For all the

circular pool fires the safety zone to stand or operate is around 5.7D for diesel fire, 5D to

7D for gasoline fire and 4.5D to 9.5D for hexane fire away from pool fire. The fire safety

distance for large pool fire (4 m × 4 m) is around 8D away from pool fire.
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CHAPTER 5

Partitioning Convective and Radiative Heat Fluxes Absorbed by a

Lumped Body Engulfed in a Diffusion Flame

5.1 Introduction

In the previous chapters, the characterization of diesel pool fire is covered. Next pertinent

question that arises is the thermal energy absorbed by the cask engulfed in a diffusion

flame. Before undertaking the study of the simulated cask, study of the temperature

distribution and thermal energy absorbed by a lumped body is investigated.

In the present study, heat flux absorbed by several lumped bodies that are engulfed in

the pool fire are inferred. Diesel open pool fires of 0.5 m, 0.7 m and 1.0 m diameters are

considered. Different sizes of brass and stainless steel (SS 304L) rods are used as lumped

bodies. K-type thermocouple is embedded into the body to measure the transient tem-

perature distribution of the body. Gas velocity at the location of immersion is measured

using bidirectional probe. CFD modeling is carried out using FLUENT to obtain the

correlations for circular cylinders in axial flow. The net heat flux absorbed by the body is

computed using lumped body approach. Using simple energy balance, the net heat flux is

divided into individual heat transfers with respect to the mode and directions of transfer:

radiative heat gain, convective heat gain and radiative heat loss. A three dimensional

formulation for an axi-symmetric pool fire of a measured flame shape, flame temperature

and a gray flame absorption coefficient is employed to predict the temperature of the body

engulfed in pool fires using the radiometric pool fire images.
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5.2 Experimental Setup

Experiments are conducted on diesel pool fires of 0.5 m, 0.7 m and 1.0 m diameters. Fuel

pans are made up of mild steel of 2 mm thick and 15 cm height. These pans are filled

with diesel. Small amount of gasoline is used to ignite the diesel. Different sizes of brass

and stainless steel (SS 304L) rods that are tabulated in Table 5.1 are used as lumped

bodies. As shown in Fig. 5.1, all the bodies are positioned at a height of 0.2D axially

from the pool surface of diameter, D. A K-type thermocouple is embedded at the center

of the each body using screws. The temperature data from the thermocouples is collected

through a data acquisition system.

Table 5.1 Sizes of lumped bodies used in pool fires

Pool fire Size of the lumped bodies

diameter, D (m) Material Diameter (d) Height (h)

0.5, 0.7 and 1.0 Brass & SS304L 25.4 mm (1.0′′) 25.4 mm (1.0′′)

38.1 mm (1.5′′)

50.8 mm (2.0′′)

0.5 and 0.7 SS304L 50.8 mm (2.0′′) 50.8 mm(2.0′′)

Fig. 5.1 Schematic of a lumped body engulfed in pool fire

5.3 Mathematical Modeling for Measuring Net

Heat Flux Using Lumped Capacitance Model

Consider a pool fire of representative temperature, Tf . A lumped body is engulfed in a

pool fire of flame emissivity, εf as shown in Fig. 5.1. Energy absorbed by the body is due
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to the radiation from the flame and due to the convective heat transfer between flame

and the body. It is given by:

q̇′′abs = εsεfFσ
(
T 4
f − (Ts)

4)+ h (Tf − Ts) (5.1)

where εs is the emissivity of the surface of lumped body, εf is the flame emissivity,

F is the configuration factor from flame to the specimen and h is the convective heat

transfer coefficient between the flame and the specimen and Ts(t) is the temperature of

the speciment (lumped body) at any instant, t. Heat flux leaving the body is due to the

temperature difference between the body and the atmosphere. The specimen interacts

with the atmosphere radiatively. It is given by:

q̇′′out = εsσ (1− εf )
(
T 4
s − T 4

∞
)

(5.2)

where T∞ is ambient temperature. Combining Eqs. (5.1) and (5.2) for the net heat flux

into the body:

q̇′′net = q̇′′in − q̇′′out (5.3)

q̇′′net = εsεfFσ
(
T 4
f − T 4

s

)
+ h (Tf − Ts)− εsσ (1− εf )

(
Ts − T 4

∞
)

(5.4)

In Eq. (5.4), Tf is the representative flame temperature and is always higher than the

temperature of the specimen. This value is taken from the thermal images given in

Section 3.12. An average temperature value is computed for an area of size 4 cm × 4 cm

with 0.2D as its center. εs is the emissivity of the specimen as given in Incropera and

DeWitt (2002). εf , the flame emissivity can be obtained from mass burning rate as

explained in Section 3.4. Convective heat transfer coefficient (h) can be obtained from

Nusselt number and Prandtl number correlations. The only unknown in Eq. (5.4) is

configuration factor, F .

If ρ is the density of the material, V is the volume of the body, Cp specific heat capacity

and As is the surface area of the body exposed to flame, then the heat flux that is being

stored in the body is:

q̇′′sto =
ρV Cp
As

dTs
dt

(5.5)

Equation (5.5) assumes that the bodies engulfed in a pool fire are lumped. This lumped

approach is valid for sufficiently small Biot number ≤ 0.1 (Incropera and DeWitt, 2002).

Biot number is calculated taking into account the convection and radiation effect from the

pool fire to the body. Biot numbers of the sizes of the rods that are shown in Table 5.1 are

less than 0.1. The total net energy transferred to the body is stored in the body. Hence,

from Eq. (5.5) takes the form:

q̇′′net =
ρV Cp
As

dTs
dt

(5.6)
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Net heat flux can be computed using central difference scheme from Eq. (5.6). Temporal

variation of the properties is considered wherever applicable.

Combining Eqs. (5.4) and (5.6) to get the following equation:

ρV Cp
As

dTs
dt

= εsεfFσ
(
T 4
f − T 4

s

)
+ h (Tf − Ts)− εsσ (1− εf )

(
T 4
s − T 4

∞
)

(5.7)

Under steady state conditions, net heat flux vanishes, i.e.,

εsεfFσ
(
T 4
f − T 4

s

)
+ h (Tf − Ts)− εsσ (1− εf )

(
T 4
s − T 4

∞
)

= 0 (5.8)

F =
εsσ (1− εf ) (T 4

s − T 4
∞)− h (Tf − Ts)

εsεfσ
(
T 4
f − T 4

s

) (5.9)

where Ts is the temperature of the speciment after reaching steady state. The configu-

ration factor obtained from Eq. (5.9) is used in Eq. (5.4) to get the transient heat flux.

In this methodology, the accuracy of the heat flux measurement depends on the accuracy

of representing the flame temperature and the accuracy of measuring instruments. The

results obtained from Eqs. (5.4) and (5.6) are compared to each other. Equation (5.4)

gives the contribution with each individual mode of heat transfer in the energy balance.

5.4 Velocity Measurement at Y /D = 0.2

Estimation of heat transfer coefficient makes it necessary to measure the velocity of the

flame at the location where the lumped body is located. In this study, velocity is measured

at a height of Y/D = 0.2 from the pool surface using a bidirectional probe. Bidirectional

probe was first introduced by Heskestad in 1974 and closely examined by McCaffrey and

Heskestad (1976b). Bidirectional probe is made up of a brass tube of 1 mm thick, 1.5 cm

in diameter and 3 cm length with a diaphragm at the center (Fig. 5.2). Two tubes of

6.35 mm diameter are pivoted on either side of the diaphragm as shown in the Fig. 5.3.

These two tubes are encased in a mild steel water jacket of 1.91 cm diameter tube. Water

is circulated through the water jacket from the front end to the rare to cool the tubes.

Furness controls limited make FC012, micro-manometer (accuracy 1%) is used to measure

the pressure difference at the end of two pivoted tubes. The measuring tip is aligned

with the flame. The upstream tube senses the stagnation pressure and the downstream

tap senses a pressure slightly less than static (McCaffrey and Heskestad, 1976b). This

differential pressure, dp is converted into velocity using the relation:

u =
1

K

√
2dp

ρ
(5.10)

where u is upstream velocity of combustion products and ρ is the density of the flue
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Fig. 5.2 Bidirectional probe

Fig. 5.3 Schematic of bidirectional probe (McCaffrey and Heskestad, 1976b)

gases at flame temperature, dp is in mm of water column. The calibration constant of the

probe, K, as suggested by McCaffrey and Heskestad (1976b):

for 40 < Red < 3800 ± 5%

K = 1.533− 1.366× 10−3 Red + 1.688× 10−6 Re2d − 9.706× 10−10 Re3d+

2.555× 10−13 Re4d − 2.484× 10−17 Re5d
(5.11)

where Red is based on the tube diameter. This measured velocity is used for estimating

Reynolds number which is essential for the determination of heat transfer coefficient.

Table 5.2 shows the velocity of different pool fires. The differential pressure, dp, is very

low and hence, the gas velocity is very low. From Table 5.2, it is observed that the

velocity increases with the increase of flame diameter. The uncertainty in the velocity

measurement is 1%.
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Table 5.2 Gas velocity for different pool fires at Y/D = 0.2

Differential pressure, dp

Pool Diameter, D (m) (mm of water column) Velocity, u (m/s)

0.5 0.064 1.53

0.7 0.067 1.57

1.0 0.085 1.79

5.5 Correlations for Nu for the Cylinder in Axial

Flow

The measured velocity of the flame using bi-directional probe is used as the boundary

condition to estimate the heat transfer coefficient. A two dimensional axi-symmetric

numerical domain of 25.4 cm × 25.4 cm is chosen as shown in Fig. 5.4. Grid independency

is checked for the different grid sizes and found that the optimal grid size of each cell is

1.27 mm × 1.27 mm. The boundary conditions are: velocity inlet at x = 0; outflow at

x = 25.4 cm; axis at y = 0 and adiabatic wall at y = 25.4 cm. The cylinder outline is

modeled as constant temperature wall at 500 K. In Fig. 5.4, l is the length of the cylinder

and d is the diameter of the cylinder.

Fig. 5.4 Numerical grid for computations on flow over a cylinder

Reynolds number is varied by varying the inlet velocity. Simulations are carried out and

the Nusselt number results are validated with Hadad and Jafarpur (2011) for h/d = 1 and

2. Simulated results are within 9% of that reported by Hadad and Jafarpur (2011). The

data reported by them is for Reynolds numbers less than 445. Characteristic length (De)
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in the Reynolds number is defined as the square root of the bathing area of the cylinder.

Re =
uDe

ν
(5.12)

where U is the fluid velocity in the vicinity of the body, ν is the kinematic viscosity and

the characteristic length, De is defined as:

De =

√
πdh+ 2

(π
4
d2
)

(5.13)

The numerical results are obtained for Reynolds number ranging from 50 to 4000. A

curve fit is obtained for all the three configurations: h/d = 1, 1.5 and 2. These relations

are as follows:

for h/d = 1 and 20 < Re < 1500,

Nu = 4.635 + 0.6054 Re0.5 Pr
1/3 (5.14)

for h/d = 1.5 and 20 < Re < 1500,

Nu = 7.575 + 0.4331 Re0.5 Pr
1/3 (5.15)

for h/d = 2 and 20 < Re < 4000,

Nu = 6.341 + 4.593 Re0.5 Pr
1/3 (5.16)

These correlations are used in modeling the thermal energy absorbed by cylinder engulfed

in a pool fire. The flow field gets complex when a cylinder is engulfed in a pool fire. The

velocities given in Table 5.2 and the Nusselt number correlations given in Eqs. (5.14)

to (5.16) do not account for the change in the flow field due to the presence of an object

in the flow field. Hence, these relations are only approximate and gives an insight about

the contribution of the convective heat transfer in a pool fire quantitatively.

5.6 Results and Discussions

5.6.1 Experimental Results

The transient temperature distributions of the lumped bodies in each of the experiment

are collected for every second. The transient temperature distribution of bodies engulfed

in pool fires are shown in Fig. 5.5. Figure 5.5 suggests that the temperature of the body

increases to a certain extent and then becomes steady. Before the ignition, the cask is at

atmospheric temperature. It is clearly observed that irrespective of the size or material
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of the body, body attained higher temperatures in pools with higher diameter and in a

faster rate. Higher diameter pool fires have higher emissivities implying that flame emits

more energy radiatively. From Table 5.2, it can be seen that the gas velocity increases

with diameter and so the heat transfer coefficient is higher for higher diameter pool fires.

This shows that convective heat transfer from the flame to the body engulfed in flame is

higher for higher diameter pool fires.

Figures 5.6 to 5.8 show the heat flux distribution on to cylindrical rods engulfed in different

pool fires. All the graphs on the left side are of the brass rods and the graphs on the

right side are of the stainless steel rods. The total energy observed by the body (black

line) is obtained using Eq. (5.6). Net heat flux falling on to the body (dotted line)

is computed from Eq. (5.4). Net energy absorbed per unit area is divided into three

different components: the radiative heat transfer to the body per unit area (blue line),

the convective heat transfer to the body per unit area (red line) and the radiative heat

loss to the ambient (green line). All these three components are the three terms on the

right hand side of Eq. (5.4) respectively.

The first derivative of temperature in Eq. (5.6) is computed using central difference

scheme, taking into account the previous and the next time step. The representative

flame temperatures are taken from the thermal images. All the required material proper-

ties for brass and stainless steel are taken from Incropera and DeWitt (2002). The energy

stored per unit area computed using Eq. (5.6) starts from zero as the fire takes some time

to reach steady state. Initially, the body is at lower temperature compared to fire and

so the maximum heat transfer. As the temperature of the body rises, the temperature

difference between the body and flame decreases causing a decrement in the energy ab-

sorbed. It can be seen that as the diameter of the pool increases, the heat transfer or

energy stored per unit area also increases.

After a certain time (above 400 s) the temperature value is oscillating around an average

value. From this time onwards, the lumped body is assumed to achieve steady state.

The configuration factor for each lumped body in all the diameters is obtained using

Eq. (5.9) and the temperature data of the corresponding lumped body. All these values

are tabulated in Table 5.3. From Table 5.3, it is observed that the F is within the

uncertainty limits for different materials. This may be due to the small size of the bodies

when compared with the pool fires. F varies with the pool diameter. These configuration

factors are used in Eq. (5.4) to get the net heat flux. From Fig. 5.5, comparing temperature

distributions of brass with SS 304L, it is observed that SS 304L rods absorbed more heat

flux than brass rods by nearly 33%. SS 304L has more volumetric heat capacity than

brass material.
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Fig. 5.5 Temperature distribution of different cylinders engulfed in

diesel pool fires of different pool diameters
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Fig. 5.6 Heat flux distribution of cylinders in a 0.5 m pool fire

94



5. Partitioning Convective and Radiative Heat Fluxes

Fig. 5.7 Heat flux distribution of cylinders in a 0.7 m pool fire
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Fig. 5.8 Heat flux distribution of cylinders in a 1.0 m pool fire
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Table 5.3 Configuration factors for different bodies in different pool fires

Size of the body Configuration factor, F

Material d (mm) h (mm) D = 0.5 m D = 0.7 m D = 1.0 m

Brass 25.4 25.4 0.77 0.39 0.36

25.4 38.1 0.67 0.34 0.43

25.4 50.8 0.61 0.31 0.22

SS 304L 25.4 25.4 0.74 0.38 0.55

25.4 38.1 0.74 0.38 0.49

25.4 50.8 0.75 0.37 0.31

50.8 50.8 0.72 0.72 -

Though the energy computed from Eq. (5.4) is not able to pick up the initial trend,

the main advantage of Eq. (5.4) is its ability to differentiate the energy into different

components. A body engulfed in a pool fire will experience more energy transfer by

radiation than by convection at least for the body sizes considered in this work. This is

because of very high temperatures (> 700 ◦C) and low velocity (< 2 m/s). The radiative

heat loss from the specimen to the surrounding atmosphere is almost zero during the initial

period as the temperature of the specimen is very much comparable to the atmospheric

temperature. As the time progresses both the radiative and the convective heat transfers

decreased to a certain value whereas the radiative heat loss to atmosphere has increased

to a certain value.

5.7 Three Dimensional Formulation for an

Axisymmetric Pool Fire

A three dimensional formulation is adapted to predict the temperature of the cylinder

engulfed in pool fire. This procedure uses the thermal images of the pool fire cap-

tured by thermal camera. These thermal images are the two-dimensional temperature

representation of pool fires. Figures 3.16 and 3.17 show the two-dimensional temper-

ature distribution of different diesel pool fires. A simple numerical code is written to

convert the two-dimensional thermal images to three-dimensional thermal images. The

two-dimensional thermal image is rotated along axis. A three-dimensional numerical grid

is made and each control volume is given appropriate temperature obtained by rotating

the two-dimensional thermal image. Now, the energy equation is solved for a body in a

pool fire to get the temperature distribution of the body with time.
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Flame volume may be visualized as a combination of number of two-dimensional plain

layers. A two-dimensional radiometric image can only give information of the radiation

coming from all of these two-dimensional plain layers cumulatively, but not individually.

The radiation from the extreme end layer (farthest layer from the camera) of the flame has

to penetrate all the other flame layers in order to be perceived by the camera. However,

the radiation from the layer which is nearer to the camera can directly be perceived by

the camera. Hence, the radiometric image is the representation of the equivalent energy

release from the flame volume as if the whole energy is released from a vertical two-

dimensional plain which is placed at the center of the pool. Therefore, the heat flux

calculated at a distance from the radiometric image must be equivalent to that measured

from the flame by the heat flux sensor at the same location.

Figures 3.18 to 3.21 show the temperature variation along different planes of different

pool fires. It is observed that the temperatures on either side of X/D = 0 are symmetric.

Figure 5.9 shows the flame width from the center of the axis for 0.5 m diesel pool fire.

Flame width is obtained by measuring the radial distance from the axis at which the

temperature reduces to half that of the temperature at axis. That is, the temperature

at flame width is half of the temperature at axis. It is observed that the flame width is

symmetric along the axis. Hence, it can be concluded that the flame is axi-symmetric.

Consider a cylinder engulfed in a pool fire. This cylinder receives heat from the flame

by radiation and convection. The cylinder loses its heat to the cold atmosphere. The

three-dimensional temperature data is divided into control volumes. The net heat flux

from the flame to the body is the combination of heat fluxes from each control volume to

the body and the heat loss from the body.

5.7.1 Radiative Heat Flux to the Body

The heat transfer to the body from each individual control volume farther from the body

is given by the following relation:

q̇′′rad−CV = εsσ
F

dA

(
T 4
f − T 4

s

)
(5.17)

where F is the configuration factor from the control volume, dV , to the differential area

dA on the body. F is given by (Tunc and Venart, 1984):

F = 4κdV cosφ
dA

4πs2
exp(−κs) (5.18)

where dV is the volume of the control volume, κ is the optical thickness of diesel pool fire, s

is the distance between the control volume and the surface of the body, φ is the inclination

of dA with respect to dV . Optical thickness is 1.16 m-1 for diesel pool fires (Section 3.10).
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Fig. 5.9 Temperature along the flame width on both sides of the axis

for a 0.5 m diesel pool fire

All geometrical variables in Eq. (5.18) can be defined in terms of distances between dA

and dV (Tunc and Venart, 1984). dA can be a differential area on the circumference of

the body or perpendicular to the axis of the body.

cosφ = (z − h1) /s (5.19)

where h1 is the distance between dV and dA along the axis of the pool and s is the

distance between dV and dA.

Radiative heat flux from each control volume to the surface of the body is computed using

Eq. (5.17). The total radiation received by the body from all the control volumes is given

by summation of all the individual heat fluxes, i.e.,

q̇′′rad =
∑
CV

q̇′′rad−CV (5.20)

5.7.2 Convective Heat Flux to the Body

The velocity of the flame in the vicinity of the body is measured using bidirectional probe

and the details are given above. The heat transfer correlations in Eqs. (5.14) to (5.16)
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Fig. 5.10 Geometries to find view factor: (a) Normal of dA is along the axis of the pool

fire, (b) Normal of dA is perpendicular to the axis of the pool fire

are used in these in these numerical simulations. The convective heat transfer from the

flame to the body is given by:

q̇′′conv = h (Tf − Ts) (5.21)

The average temperature of the control volumes engulfing the body is taken as the flame

temperature. For this purpose a region of 4 cm × 4 cm × 4 cm is selected to get

the averaged flame temperature. It is observed that the averaged flame temperature

value changes by only 6◦C for different areas of selection: 4 cm3 and 6 cm3 regions. All

the properties of flame are taken as that of air at film temperature (average of body

temperature and flame temperature averaged within the domain).

5.7.3 Energy Balance

The body loses some of its energy to the ambient. This energy has to be transmitted

through the flame. The radiative heat loss to the ambient from the body is given by:

q̇′′loss = εsσ (1− εf )
(
T 4
s − T 4

∞
)

(5.22)

The net energy stored in the body is given by:

q̇′′sto =
ρV Cp
As

dTs
dt

(5.23)
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Combining Eqs. (5.17) and (5.20) to (5.23), the energy balance at the surface of the body

leads to:

ρV Cp
As

dTs
dt

=

∑
CV

[
εsσ

F

dA

(
T 4
f − T 4

s

)]
+ h (Tf − Ts)− εsσ (1− εf )

(
T 4
s − T 4

∞
)

(5.24)

5.7.4 Algorithm

The only unknown in Eq. (5.24) is the temperature of the specimen at each time step, Ts.

The initial condition is:

Ts(t = 0) = T∞ (5.25)

Equation (5.25) is solved using fourth-order RungeKutta method to get the transient

temperature of the body. A time step of one second is chosen after sensitivity analysis.

The numerical code is run for different sizes of the cylindrical bodies. Figure 5.11 shows the

flow chart for the numerical program. Scilab (version 5.3.3) is used to run the numerical

code. Each simulation takes 4 hours on a multi core Xenon processor. The temporal

variation in the properties of flame and the cylinder material (brass and SS 304L) are

considered. Simulations are run for cylinders of diameter, d = 25.4 mm given in Table 5.1.

The predicted temperature data is compared with the experimental data.

5.7.5 Three Dimensional Formulation Results

Simulations are performed for cylinders given in Table 5.1. Figure 5.12 show the com-

parison of the predicted temperatures and the experimental data. It is observed that

the temperatures computed numerically from thermal images are underpredicting. The

reason may be the change in emissivity of the body due to the soot deposition. The two-

dimensional thermal images only capture the cumulative along the depth of the flame.

Also, the thermal images are obtained with one averaged emissivity. The gas emissivity

varies with space in pool fires. Probably, the edges would show a different emissivity

compared to the readings at the axial location. A body engulfed inside a flame may

experience a different heat flux other than what the thermal image reads. Since, the

irradiance from the flame is an integrated parameter and the thermal image could able to

capture irradiance. Whereas this integrated temperature is not able to replicate the true

flame temperatures inside the flame.
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Start

Read 2D image to T (x,y)

Read size of the body

and flame properties

Generate 3D T (x,y,z)

from T (x,y)

Compute Tf , F

Predict Ts(t + dt)

using RK-4

Check Ts(t) =

Ts(t+ dt)

Store Ts(t), q̇
′′
net

End

No

Yes

Fig. 5.11 Flow chart to predict the temperature of a body engulfed in a fire
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Fig. 5.12 Predicted temperature distribution from three

dimensional formulation of an axi-symmetric pool fire
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5.8 Conclusions

Using a simple lumped body approach, the net heat flux onto a body engulfed in pool

fire can be estimated from the measured temperature distribution. It is possible to differ-

entiate the radiative and convective component of heat transfer by using the computed

configuration factor. A body engulfed in a pool fire will experience more energy transfer

by radiation than by convection. The energy absorbed by a body increases with the in-

crease in pool diameter. The gas velocity of the flame at Y/D = 0.2 for diesel pool fires

varies from 1.53 m/s to 1.79 m/s for the range of pool sizes studied. The Nusselt number

correlations for longitudinal flow around cylinder are reported for Reynolds number up

to 4000.

A numerical code using thermal images is written to predict the temperature of a body

engulfed in a pool fire. The temperature values are underpredicted by the numerical

simulations. The two-dimensional thermal images are not capable of predicting the tem-

perature inside the flame. Local values of flame emissivity and soot volume fraction are

essential to predict the temperature of a body accurately.
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CHAPTER 6

Heat Transfer in Casks Engulfed in Open Pool Fires

6.1 Introduction

In the previous chapter, it is absorbed that the radiation is dominant in the pool fire for

a lumped body engulfed in pool fire. This chapter investigates the energy absorbed by

a cask engulfed in pool fire. Literature review (Section 2.3) suggests that there could be

a great influence of pool size on the temperature and heat flux of a cask engulfed in a

pool fire. Also, there is limited information in quantifying the convective heat transfer in

simulating thermal tests for B < 14.4%. Conventionally, the simulation of thermal tests

involves the coupling of conduction code with fire modeling at every time step. These

coupled codes are expensive in terms of time and cost. Hence, the present study aims to

conduct the following experimental and numerical investigations on pool fires:

• To study the influence of blockage on the heat release rate of diesel circular open

pool fire

• To quantify the convective heat transfer from fire to cask for different blockages

(0.8% < B < 14.4%)

• To demonstrate the strength of adiabatic surface temperature (AST) computed

using measured plate thermometer temperature as a means to represent the pool

fire for different blockages (0.8% < B < 14.4%)
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• To present a more simple numerical model for the simulation of thermal tests that

avoids the coupling of conduction and fire codes

• To prescribe the fire of a given pool diameter into a mixed boundary condition

(convection and radiation)

Experiments are carried out with vertical and horizontal casks engulfed by diesel pool fires

of 0.5 m, 0.7 m and 1.0 m in diameter. The trucks that carry the transportation package

are diesel run and hence diesel is chosen as fuel. The casks are made up of stainless steel

304L pipes of different sizes and are filled with insulation. Temperatures are measured

at various locations inside the casks and at the center of the insulation. IHCP-1D code

is applied to estimate the incident heat flux on to the casks. AST computed using the

measured plate thermometer temperature is used for the numerical analysis to estimate

the cask surface temperatures and the heat flux experienced by the casks engulfed in a

pool fire.

6.2 Casks Engulfed in Pool Fire

Transportation casks are idealized using stainless steel 304L pipes filled with an insulating

material made of ceramic blanket. The dimensions of the casks immersed in pool fires

are shown in Table 6.1. Experiments are conducted with diesel pool fires of diameters

0.5 m, 0.7 m and 1.0 m. The fuel pans are made up of 2 mm mild steel thick and 15 cm

in depth. For each experiment, a cask is placed at a height of 0.2D to 0.4D both vertical

and horizontal using stands as shown in Figs. 6.1 and 6.2. This location is chosen as

the temperature of the pool fire is higher. The stands are made up of mild steel thin

bars and are shaped in such a way there is a minimum contact between the stand the

cask. The stands are insulated with ceramic cloth to insulate stands from casks thermally.

Blockage ratio is defined as the ratio of the projected surface area of the cask in fire to the

cross-sectional area of the pool. Blockage (B) for vertical and horizontal casks is given

by:

B =
(π/4) d2

(π/4)D2 ×100, for vertical casks

= dl
(π/4)D2 ×100, for horizontal casks

(6.1)

The blockage ratios of the casks used in this study for different pool fires are presented

in Table 6.1. The real life thermal test blockage ratio is around 3% to 10% for vertical

and horizontal orientations respectively. To study the influence of blockage on pool fire,

mass burning in the presence of vertical casks are compared with the mass burning rates

without casks. Mass burning rates are measured using a 250 kg platform type weighing

scale. The pool is supported upon a stand made up of mild steel. Weighing scale and
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the stand are separated by thick asbestos sheets. The supporting stand of the cask is

insulated as shown in Figs. 6.1 and 6.2.

Table 6.1 Dimensions of the casks engulfed in pool fires

Cask dimensions (mm) Blockage ratio, B (%)

D (m) Diameter, d Thickness, t Length, l Vertical Horizontal

0.5 88.9 3.0 222.3 3.2 10.1

0.5 88.9 5.4 222.3 3.2 10.1

0.5 114.3 8.6 114.3 5.2 6.7

0.5 168.3 7.1 168.3 11.3 14.4

0.7 88.9 5.4 222.3 1.6 5.1

0.7 114.3 3.0 305.0 2.7 9.0

0.7 114.3 8.6 114.3 2.7 9.0

0.7 168.3 7.1 168.3 5.8 7.4

1.0 88.9 5.4 222.3 0.8 2.5

1.0 114.3 8.6 114.3 1.3 1.7

1.0 168.3 7.1 168.3 2.8 3.6

1.0 168.3 3.4 420.0 2.8 9.0

Fig. 6.1 Vertical cask in a 0.5 m pool fire
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Fig. 6.2 Horizontal cask engulfed in 0.7 m diesel pool fire

Figure 6.3 shows the schematic of the cask and location of thermocouples inside the cask.

Chromel-alumel (K type) thermocouples (0.7 mm diameter) are embedded to each cask.

Twenty four of these thermocouples are spark welded to the inner wall of the cask at

three different axial locations. The location of the thermocouples are chosen in such a

way to capture the axial and circumferential temperature distribution of the cask. Three

thermocouples are embedded inside the insulating material. The centerline thermocouples

are required as an input to the inverse heat conduction solver. Hence, the thermocouples

embedded inside the insulation are in the plane of the sub-surface thermocouples. The

temperature of each thermocouple is measured for every second using a data acquisition

system (Agilent 34970A).

6.3 Plate Thermometer

The heat transfer to a test specimen in a pool fire or in a test furnace at high tempera-

ture depends primarily on radiant flux rather than convection. Introducing water cooled

sensors in fire environment is, if not impossible, very difficult. These devices should have

large areas so that the radiant heat transfer dominates, and they must, at the same time,

have a quick thermal response (Wickström, 1994). The plate thermometer is designed to

have these properties. It consists of a thin inconel plate, 100 mm × 100 mm and 0.7 mm

thick, with an insulating fiber board on one side. A thermocouple is welded at the center.

Figure 6.4 shows a typical plate thermometer with insulation pad on its back side.
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Fig. 6.3 Schematic of the cask showing the location of thermocouples
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Fig. 6.4 The plate thermometer with insulation pad on its back side

6.3.1 Mathematical Modeling

The following mathematical modeling is based on theory outlined by Ingason and Wick-

ström (2007). The radiation is assumed to be gray, i.e., the emissivity is independent of

wavelength.

Incident radiative heat flux

The incident heat flux by radiation to a surface from flames will be partly absorbed by

the surface and partly be reflected. The absorbed heat can be expressed as:

q̇′′abs = εPT q̇
′′
inc (6.2)

Also from Kirchhoff’s identity, the reflected heat may be written as:

q̇′′ref = (1− εPT ) q̇′′inc (6.3)

The radiation the plate thermometer surface may be expressed as:

q̇′′emi = εPTσT
4
PT (6.4)

where Ts is the surface temperature of plate thermometer. The net heat flux by radiation

that is entering the surface is:

q̇′′rad = q̇′′inc − q̇′′emi − q̇′′ref = εPT
(
q̇′′inc − σT 4

PT

)
(6.5)
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Incident convective heat flux

Heat transfer by convection occurs due to the hot gases flow over the solid surface at

different temperature. It depends on the temperature gradient near the surface and the

thermal conductivity of the fluid and can be written as:

q̇′′conv = h (Tf − TPT ) (6.6)

where h is the convective heat transfer coefficient between the plate thermometer and the

flame and Tf is the flame temperature.

Total incident heat flux

The total heat transfer is the sum of the net heat transfer by radiation and by convection:

q̇′′tot = q̇′′rad + q̇′′conv (6.7)

Using Eqs. (6.5) and (6.6) in Eq. (6.7):

q̇′′tot = ε
(
q̇′′inc − σT 4

PT

)
+ h (T∞ − TPT ) (6.8)

Heat balance at the plate thermometer surface

The incident heat flux by radiation to a plate thermometer can be obtained from the heat

balance at the measuring point at the centre of the plate thermometer:

q̇′′tot = q̇′′sto + q̇′′cond (6.9)

where the first term in the right hand side represents the heat stored in the PT and the

second term is a combination of heat losses due to two-dimensional conduction in the

plane of the plate away from the thermocouple welding point in the center to the edges,

and the heat losses by conduction through the insulation to the back side of the PT. The

conduction losses can be written as:

q̇′′cond = Kcond (TPT − T∞) (6.10)

where the conduction correction factor Kcond is determined experimentally in the appli-

cations. The first term on the left hand side of Eq. (6.9) can be written as:

q̇′′sto = ρPTCPT δ
∆TPT

∆t
(6.11)
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where ρPT and CPT are the density and the specific heat capacity and δ is the thickness

of the PT. Combining Eqs. (6.7) and (6.9) to (6.11), the incident heat flux by radiation

can be written as:

q̇′′inc =
[
εPTσT

4
PT + (hPT +Kcond) (TPT − T∞) + ρPTCPT δ (∆TPT/∆t)

]
/εPT (6.12)

The conduction losses could be reduced by avoiding direct metal contact at the edges

between the front and the back sides of the PT and by using thicker and more effective

insulation pads. The inertia term could be reduced by using thinner steel plates.

Steady state measurements in a cone calorimeter

When the PT is put under the cone calorimeter, the temperature reaches a steady-state

value within 2-3 min. Hence, the storage term in Eq. (6.12) can be neglected, i.e.,

q̇′′inc =
[
εPTσT

4
PT + (hPT +Kcond) (TPT − T∞)

]
/εPT (6.13)

6.3.2 Construction of Plate Thermometer (PT)

To avoid the heat loss from behind the PT, commercially available CeraTex 3180 Blanket

is used as insulation pad. CeraTex 3180 Blanket is a needled blanket that is made from

high purity spun ceramic fibers, suitable for high temperature insulation (1260 ◦C) with

a specific heat of 1.13 kJ/kg.K. Equation (6.13) gives the radiative heat flux on to the

PT. It is dependent on the emissivity, hPT and Kcond of the PT. To avoid the emissivity

dependency, the PT is painted with pyromark, whose emissivity is constant within the

temperature range of 30 ◦C to 1200 ◦C. Nakos and Keltner (1989) and Logenbaugh et al.

(1990) have measured the emissivity of pyromark painted surface and reported that the

emissivity is 0.86 ± 0.09. This emissivity is constant throughout the spectral range of

0.265 µm to 20.0 µm.

A specimen with pyromark has to be cured to make the paint adhere to the specimen

at high temperatures. Pyromark is spray painted on each plate and then the painted

plates are dried over night, cured at different temperatures. The paint has to be curing

in a certain fashion to make the paint adhere to the plate. Two plates are painted with

pyromark: one is not cured but dried over night and the other one is curing. Their tem-

perature is raised to operating temperature. Figure 6.5a shows the plate with pyromark

without curing. The paint peeled off the plate at 300 ◦C. Figure 6.5b shows the plate with

Pyromark after curing. The curing procedure for pyromark is as follows:

• Paint the plate with spray nozzle

• Again paint (rotating the plate by 90 ◦) and left over night
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(a) Pyromark wihtout curing at 300 ◦C (b) Pyromark with curing at exposed to 900 ◦C

Fig. 6.5 Plate with pyromark exposed to high temperatures

• Curing is carried out at 300 ◦C for 2 hours by placing in a cone calorimeter

• Curing is done at 500 ◦C for 2 hours by placing in a cone calorimeter

• Vertified at 750 ◦C for 1 hour by placing in a cone calorimeter

Any temperature increment while curing should not exceed 10 ◦C per minute.

The other two parameters hPT and Kcond are the properties of the plate material. Exper-

iments are conducted on the stainless steel and inconel. Inconel showed a faster response

and the time constants for inconel with and without pyromark are 100 s and 250 s re-

spectively. Hence, inconel with pyromark is chosen as the PT material.

6.3.3 PT Calibration

The inconel PT has been calibrated under cone calorimeter. A cone calorimeter consists of

a heating coil at the top, a sample holder. Figure 6.6 shows the typical cone calorimeter.

The heat flux below the conical heater is calibrated using a Schmidt Boelter heat flux

gauge. The calibration is carried out at a distance of 25 cm below the heating coil. The

plate thermometer is placed 25 cm below the cone calorimeter. The heat flux under cone

can be controlled from 0-90 kW/m2. For different heat fluxes, the temperature of the

plate thermometer is recorded in a computer via a data logger. Experiments are repeated

at least four times to check the repeatability. Figure 6.7 shows the calibration chart of

radiant heat flux variation with the PT temperature. The calibration chart shows that

the relation between the radiant flux and the PT temperature as:

q̇′′rad = 0.957 + 0.0017 (TPT )5.57 (6.14)

where TPT is the PT temperature in degrees Celsius.
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Fig. 6.6 Curing of plate thermometer under cone calorimeter

(heater is ON)

Fig. 6.7 Calibration chart for inconel plate thermometer
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The calibration curve given in Fig. 6.7 is for radiative heat flux incident on the flame. Plate

thermometers can be used for measuring the radiative heat flux from a source. Hence,

plate thermometers can only be outside the flame environment where is no convective

heat transfer from flame to the plate. The inherent problem with the implementation of

plate thermometer is that tough this instrument is responsive to convective heat transfer,

it is only calibrated for radiative environment. Calibration of plate thermometers under

a mixed boundary condition (radiation and convection) is practically very difficult. The

cone calorimeter provides only the radiative heat flux. So, the plate thermometers cannot

be used to measure the heat flux inside the flame with the calibration chart provided in

Fig. 6.7. Hence, the concept of adiabatic surface temperature is imposed on to the plate

thermometer to measure an effective flame temperature both for radiation and convection.

6.4 Adiabatic Surface Temperature

Adiabatic surface temperature (AST) is the surface temperature of an ideal perfectly-

insulated surface exposed to the same thermal conditions as the real surface under consid-

eration (Wickström et al., 2011). It is an effective boundary temperature that represents a

combination of radiation and convection boundary conditions. Consider a body engulfed

in fire. The surface of the body experiences convective and radiative heat flux from the

flame as shown in Fig. 6.8.

The net heat flux received by the surface of the body is given by,

q̇′′net = q̇′′rad + q̇′′conv (6.15)

where q̇′′rad is the radiative heat flux and q̇′′conv is the convective heat flux. The convective

heat flux can be written as:

q̇′′conv = h (Tg − Ts) (6.16)

Fig. 6.8 Energy balance at the surface of a body engulfed in pool fire
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where h is the convective heat transfer between the flame and the body and Tg is the

surrounding gas temperature. The radiative heat flux can be written as:

q̇′′rad = q̇′′recv − q̇′′ems (6.17)

where q̇′′recv is the radiative heat flux received by the body and q̇′′emi is the radiative heat

flux emitted by the body given as:

q̇′′emi = σεsT
4
s (6.18)

If q̇′′inc is the energy per unit area incident on to the surface of the body, then due to the

absorptivity of the body only part of it is received:

q̇′′recv = εsq̇
′′
inc (6.19)

where εs is surface emissivity of the body. In Eq. (6.19), the absorptivity and emissivity

of the body are assumed to be same. If Ts is the surface temperature of the body then

the net radiative heat flux received by the body is:

q̇′′rad = εsq̇
′′
inc − σεsT 4

s (6.20)

q̇′′inc is the irradiance from the flame to the body.

Combining Eqs. (6.15), (6.16) and (6.20),

q̇′′net = εs
(
q̇′′inc − σT 4

s

)
+ h (Tg − Ts) (6.21)

If the body engulfed in the flames is adiabatic surface then by definition, q̇′′net vanishes

and Ts becomes TAST , i.e.,

0 = εs
(
q̇′′inc − σT 4

AST

)
+ h (Tg − TAST ) (6.22)

Subtracting Eq. (6.22) from Eq. (6.23),

q̇′′net = σεs
(
T 4
AST − T 4

s

)
+ h (TAST − Ts) (6.23)

Equation (6.23) acts as a boundary condition of a body engulfed in pool fire. From

Eq. (6.23), TAST is interpreted by the structural model as an effective black body radiation

temperature for the purpose of computing the incident radiation and as the same gas

temperature for the purpose of computing the convective heat flux. TAST may also be

seen as a single fictitious temperature being used commonly for calculating both convective

and radiative heat transfer.
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Fig. 6.9 Arrangement plate thermometer in pools

6.5 Estimation of AST from the Measured PT

Temperatures

AST can be computed from the measured plate thermometer temperature as given by

Wickström (1994) and Ingason and Wickström (2007). Four plate thermometers are used

as shown in Fig. 6.9. The plates are fixed to a cylinder separated by an insulating material.

All the four plates together form an approximate cylinder of diameter 0.17 m. Experiments

are conducted with plate thermometers in vertical orientation. All the plate thermometers

indicated reasonably same temperatures (2%) for a given diameter of the pool fire. Hence,

average temperature distributions of plate thermometers (TPT ) for different pool sizes are

shown in Fig. 6.10. It is observed that the plate thermometer temperatures increase

with the increase in the diameter of the pool fire. This is because of the higher incident

radiation and/or gas temperature due to the increase in the pool diameter.

Impose Eq. (6.23) on plate thermometer engulfed in a pool fire. Ts takes the form TPT in

Eq. (6.23), i.e.,

q̇′′net = σεPT
(
T 4
AST − T 4

PT

)
+ h (TAST − TPT ) (6.24)

The net heat flux is the energy stored by the plate thermometer per unit area as a result

of increase in plate thermometer temperature:

q̇′′net = ρδCp
dTPT
dt

(6.25)
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where δ is the thickness of the plate thermometer. In Eq. (6.25), the conduction heat

loss to the insulation is neglected. Substituting Eq. (6.25) in Eq. (6.24),

ρδCp
dTPT
dt

= σεPT
(
T 4
AST − T 4

PT

)
+ h (TAST − TPT ) (6.26)

Equation (6.26) can be solved for TAST using finite difference method.

ρδCp
T i+1
PT − T iPT

∆t
= σεPT

[(
T iAST

)4 − (T iPT )4]+ h
(
T iAST − T iPT

)
(6.27)

In the Eq. (6.27), TPT is a known function of time for every second (Fig. 6.9). The only

unknown in the Eq. (6.27) is TAST . The initial condition is

T i=0
AST = T i=0

PT (6.28)

h is computed from the Nusselt number correlation for flow over a flat plate. By solving

the Eq. (6.27), TAST as a function of time is obtained.

Fig. 6.11 shows the AST computed using Eq. (6.27) for different pool fires. The time

taken to reach steady state AST is less than 50 s. The repeatability of various experiments

conducted in measuring AST is 4%. Transient temperature captures the development of

pool fire gradually with time and hence the heat flux increases from zero to maximum.

This fire growth may be not be much importance for several applications. Transient AST

is given as the input in the numerical analysis. The total heat flux onto a cask, at any

instant, is given by:

q̇′′net = σεs
[
(TAST (t))4 −

(
Ts(t)

4
)]

+ h
[
(TAST (t))4 − Ts

]
(6.29)

Fig. 6.10 Temperatures of the plate thermometers for different pool sizes
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Soot gets deposited on to the surface of the cask. Hence, the emissivity of the soot of 0.9

is considered as the surface emissivity of the cask. The surface temperature (Ts) of the

cask increases with time. This reduces the heat flux onto the cask with the increase in

time as seen in Eq. (6.29). This heat flux can be given as an input to any solid modeling

code to simulate the energy transfer in the body. This net incident heat flux changes with

the surface temperature of the body. Hence, the problem of estimating temperatures of

casks engulfed in fire reduces to a simple conduction problem.

6.6 Details of the Numerical Conduction Analysis

of a Cask Using AST Concept

Numerical simulations are performed to predict the temperature distribution within the

cask with AST as boundary condition. All the simulations are carried out in ANSYS

FLUENT v13. Since the temperature distribution inside the pool fire is symmetric (Sec-

tion 5.7), cask is simulated as a two dimensional axisymmetric model as shown in Fig. 6.12.

The height of the total domain is d/2 and the thickness of the SS 304L is t. The exposed

surface (top) of the SS 304L is subjected to a mixed boundary condition with TAST as

source temperature, i.e., Eq. (6.29). The numerical domain is same both for horizontal

and vertical orientations of the cask and also for different pool sizes. The input boundary

condition, TAST varies with the orientation and the pool size. The heat transfer from

the fire to the cask through the small thickness, t is neglected. Hence, Both the side

walls are considered to be adiabatic. All temperature dependent thermal properties of SS

304L are taken from Rempe and Knudson (2008). The thermal properties of SS 304L and

Cerablanket are given in Table 6.2.

Fig. 6.11 Adiabatic surface temperatures for different pool fires
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Table 6.2 Thermal properties of SS 304L and Cerablanket

Temperature 30 ◦C 100 ◦C 300 ◦C 500 ◦C 700 ◦C 900 ◦C

SS 304L

Density, ρ (kg/m3) 7776.32 7808.10 7860.80 7866.87 7838.79 7789.03

Specific heat, Cp (J/kg.K) 517.44 521.45 532.91 544.37 555.83 567.89

Conductivity, k (W/m.K) 15.47 16.46 19.28 22.10 24.92 27.74

Cerablanket

Density, ρ (kg/m3) 128 - - - -

Specific heat, Cp (J/kg.K) 1130.44 - - - -

Conductivity, k (W/m.K) 0.043 0.044 0.066 0.111 0.170 0.236

The Reynolds number for the configurations given in Table 6.1 vary from 8700 to 13100.

For all the horizontal cask configurations the average Nusselt number correlation is given

by (Ghisalberti and Kondjoyan, 1999):

Nu = 0.57 Re0.52
(
1 + 0.33 Re0.16

)
(6.30)

There is limited data for vertical casks in the range of Reynolds number 8700 to 13100.

Studies on forced convective heat transfer from cylinders in axial flow are uncommon.

Motlagh and Hashemabadi (2008) studied the heat transfer correlations using CFD mod-

eling in different situations including axial-flow on finite cylinder. However, their study

was carried out for a high Reynolds number in the range of 177000 to 617000. Hadad

and Jafarpur (2011) presented dimensionless heat transfer correlations for forced convec-

tion from isothermal circular cylinders with different aspect ratios (l/d ≤ 8). Reynolds

number in their study varied from 1 to 100 for l/d = 1, from 1 to 160 for l/d = 2 and

from 1 to 1000 for l/d = 4. Due to the lack of information regarding the heat transfer

correlations for Reynolds number ranging from 8700 to 13100 for cylinders in axial flow,

the correlations suggested by Hadad and Jafarpur (2011) are adopted. These relations

are as follows:

For l/d = 1,

Nu = 1.5828 + 0.5506 Re0.5 Pr
1/3 (6.31)

for l/d = 2,

Nu = 1.2564 + 0.4307 Re0.5 Pr
1/3 (6.32)

for h/d = 4,

Nu = 0.9854 + 0.2939 Re0.5 Pr
1/3 (6.33)
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Fig. 6.12 Numerical grid to simulate a cask engulfed in fire

Ghisalberti and Kondjoyan (1999) presented the heat transfer correlations for l/d = 1.2

for Reynolds ranging from 1000 to 25000. The heat transfer coefficients computed using

Eqs. (6.31) to (6.33) are in good agreement with the relations given in Ghisalberti and

Kondjoyan (1999). Hence, the above correlations are used for all other l/d ratios. These

correlations are used in modeling the thermal energy absorbed by the cask using FLUENT.

Simulations are carried out with a time step of 0.5 s. Grid independent tests are conducted.

Results are found to be independent of time steps chosen (0.01 s, 0.1 s, 0.5 s and 1 s).

6.7 Uncertainty Analysis

Experiments are exposed to atmosphere and no external means is provided to control the

atmospheric wind. All of the experiments are conducted at around 6.30 AM to 8.00 AM in

order to maintain the lower wind velocity (2 m/s). In spite of this low velocity, the fire tilts

for a smaller duration during the entire length of the experiment, exposing the thermal

cask to cooler atmosphere. The uncertainty in the measurement of the flame emissivity

is 10% (Section 3.11). The uncertainty in the measurement of the mass burning rate

is around 2% to 9%. The uncertainty in the measurement of the temperature is 5%.

The micro-manometer is accurate by 1% of the reading. The uncertainty in the bi-

directional probe constant for flows parallel to the probe axis is 0.07 (Bryant, 2009). In

the numerical analysis, transient AST data is considered as input. The repeatability in

the measurement of AST for the various experiments conducted is 4%. The numerical

code overpredicted the initial heat flux values by 100% when the steady state AST is

given as input. The temporal dependency of the properties of materials is very important

in numerical analysis. It is observed that the predicted temperature values are very much

dependent on the accuracy of the temporal dependency of the properties of materials.
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6.8 Results and Discussions

Pool fire experiments on 0.5 m, 0.7 m and 1.0 m are conducted with diesel as a fuel.

Table 6.1 shows all the cask sizes that are considered in this study. The mass burning

rate of the pool fires is measured in the presence of casks. Inner wall temperature distri-

bution of the casks is measured for different size of the casks engulfed in different pool

fire diameters. FLUENT is used for simulating to dimensional axi-symmetric heat con-

duction in the cask engulfed in a pool fire. Mixed boundary condition is imposed on the

wall exposed to the fire. This involves giving convective boundary condition (h, TAST )

and radiative condition (εs, TAST ). Numerical studies are conducted for all the twelve

configurations shown in Table 6.1. The adiabatic surface temperature, TAST is given from

Fig. 6.11. Numerical simulations are solved for every time step of 0.5 s. These results

are compared with the experimental results. The heat flux on to the surface of the cask

is estimated using IHCP-1D code (Beck, 2012). The heat flux obtained from both IHCP

and numerical simulations are compared for all the casks considered in this study.

6.8.1 Influence of the Blockage on the Mass Burning of the

Pool Fire

A 250 kg platform type weighing scale interfaced to a computer is used to measure the

mass burning rate. Mass burning rate of the pool fire in the presence of a cask is measured

for a cask of diameter and length of 168 mm with a thickness of 7.1 mm. The uncertainty

in the measurement of the mass burning rate is around 2-9%. A comparison of the steady

state mass burning rate of pool fires with and without blockage is shown in Table 6.3.

The blockages are computed using Eq. (6.1). The difference in the mass burning rate is

within the uncertainty of the measurement. Hence, it may be concluded that there is

no significant effect of the blockage on the mass burning rate for all the configurations

considered in this study.

Table 6.3 Influence of blockage on mass burning rate

for a cask of size: d = 168 mm, t = 7.1 mm and l = 168 mm

Vertical cask Horizontal cask

D (m) ṁ′′ (gm/m2.s) B (%) ṁ′′B (gm/m2.s) B (%) ṁ′′B (gm/m2.s)

0.5 27.50 11.3 27.76 14.4 29.04

0.7 32.70 5.8 30.13 7.3 34.52

1.0 39.10 2.8 38.47 3.6 -
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6.8.2 Comparison of Numerical Predictions with Measured

Temperature Distributions

Figures 6.13 to 6.18 show the subsurface temperature distributions of different casks

engulfed in pool fires: Figs. 6.13 to 6.15 are for vertical casks and Figs. 6.16 to 6.18 are

for horizontal casks. In Figs. 6.13 to 6.18, the missing data is a result of thermocouple

failure during a specific experiment.

Thermal Analysis on Vertical casks

Figures 6.13 to 6.15 show the subsurface transient temperature distributions of vertical

casks engulfed in pool fires. All the measured temperatures in a given layer (upper,

middle and lower) are averaged. U is the averaged temperature of all the thermocouples

in the upper layer in Fig. 6.3, i.e., U1 - U8. M is the averaged temperature of all the

thermocouples in the upper layer in Fig. 6.3, i.e., M1 - M8. L is the averaged temperature

of all the thermocouples in the upper layer in Fig. 6.3, i.e., L1 - L8. The temperatures

inside the cask at different axial locations (inside the insulation) are also presented as Uc,

Mc and Lc.

Figure 6.13 shows the temperature distribution inside casks engulfed in a 0.5 m vertical

pool fire. The temperatures of the casks gradually increase and reach a steady temperature

of around 705 ◦C. The larger cask in Fig. 6.13(d) took longer time to reach steady state

compared to other smaller casks. This is because of the high thermal inertia of larger cask

compared to that of smaller casks. In spite of their different sizes, all the casks reached a

maximum temperature of around 705 ◦C. The temperatures inside the insulation started

increasing only after 400 s in case of smaller cask (Fig. 6.13(a)) and 800 s in case of

larger cask (Fig. 6.13(d)). This could be due to the thermal inertia of the cask due to

its thickness. This makes the colder body to be in the fire for a longer time. The heat

flux from flame to the body varies from cask to cask as this parameter depends on the

temperature difference between the fire and the cask. Hence, any numerical simulation

to simulate the boundary condition may not have a constant heat flux as the boundary

condition. This is true for both vertical and horizontal orientations studied in this work.

From Fig. 6.13, it is observed that the numerical simulations slightly overpredicted the

temperatures compared to the experimental results. The comparison of the averaged

steady state temperatures is within 18% of the experimental data. In all the experiments

conducted, the wind velocity measured is less than 2 m/s. In spite of this low velocity, it is

observed that the cask is not fully engulfed in 0.5 m pool fire for the whole duration of the

experiment. At times, some portion of the cask is exposed to atmosphere, cooling down

the temperature of the cask at that location. However, the numerical analysis assumes

that the cask is always engulfed by pool fire. This makes the numerically computed
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Fig. 6.13 Subsurface temperature distribution for vertical casks engulfed in a 0.5 m

pool fire
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Fig. 6.14 Subsurface temperature distribution for vertical casks engulfed in a 0.7 m

pool fire
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Fig. 6.15 Subsurface temperature distribution for vertical casks engulfed in a 1.0 m

pool fire
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temperatures to be overpredicting the temperatures when compared with the experimental

measurements. This demonstrates that the numerical estimations are conservative.

Figure 6.14 shows the subsurface temperature distribution of various vertical casks en-

gulfed in 0.7 m diesel pool fire. Numerical predictions of the averaged steady state subsur-

face temperature distributions are within 10% of the experimental results. The average

temperatures at different locations (3l/4, l/2 and l/4 from the bottom of the cask) are al-

most the same in spite of their location inside the cask. This shows that the conduction is

dominant in the radial direction compared to that in the axial direction. Figure 6.15 shows

the subsurface temperature distribution of casks engulfed in a 1 m pool fire. Numerical

predictions of the averaged steady state subsurface temperature distributions are within

7% of the experimental results. There is sudden drop of the temperatures in Fig. 6.15(d)

at 285 s and is due to the sudden wind. This experiment is not repeated due to the costs

involved in conducting the experiment. Figures 6.13 to 6.15 show that the temperature

differences between the upper, middle and lower layers are significantly reduced for higher

pool sizes (from 20% to less than 1%).

Thermal Analysis on Horizontal casks

Figures 6.16 to 6.18 show the subsurface transient temperature distributions of horizontal

casks engulfed in pool fires. As there is a huge variation in the measured temperature

distribution over the surface the cask, the worst case scenario is chosen for comparing with

numerical simulations. And a corresponding insulation temperature is provided in all the

Figs. 6.16 to 6.18. It is clearly observed that as the diameter increases, the numerical

simulations are able to predict the temperature well. For a 0.5 m pool fire (Fig. 6.16),

a maximum deviation of 8% is observed where as for a 1.0 m pool fire (Fig. 6.18), the

maximum deviation is less than 3%. This shows that these simulations are conservative.

All of these comparisons are with the maximum experimental subsurface temperature of

the cask. In Fig. 6.17, there is a sudden dip in the predicted temperature data. This is

because of the sudden drop in the TPT value in Fig. 6.10 and hence the lower value of

TAST in Fig. 6.11.

As the size of the pool increases, there is a better chance for the casks to be completely

engulfed with an uniformly distributed temperature. The measured transient temperature

distributions of the casks presented in Figs. 6.13 to 6.18 serve as benchmark results.

6.8.3 Inverse Heat Conduction Problem

Heat flux on to the surface of the cylinder is measured using a commercial software Beck

Engineers IHCP-1D (Beck, 2012). Beck IHCP-1D is applied for all the casks considered

in this study (Table 6.1). This program provides a means for the numerical solution
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Fig. 6.16 Subsurface temperature distribution for horizontal casks engulfed in a 0.5 m

pool fire
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Fig. 6.17 Subsurface temperature distribution for horizontal casks engulfed in a 0.7 m

pool fire
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Fig. 6.18 Subsurface temperature distribution for horizontal casks engulfed in a 1.0 m

pool fire
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of the nonlinear, one-dimensional inverse heat conduction problem (IHCP) for planar,

cylindrical and spherical geometries (Beck, 1962). Measured inner surface temperature

of the cask (L, M or U) is given as one of the inputs to the program. Corresponding

measured temperatures at the center of the insulation is given as another input to the

program. Number of nodes per regions considered as 500. Five future time steps are

considered and verified to be predicting the heat flux independent of number of future

time steps (> 5). The properties of SS304L and insulation are shown in Table 6.2. This

program predicts the incident heat flux onto the surface and the outer surface temperature

of the cask.

Comparison of heat flux Estimated by IHCP using measured transient

temperature distributions of the cask with the numerical predictions

Figures 6.19 to 6.24 show the estimated surface heat fluxes on to the casks by IHCP and

the computed heat flux by numerical predictions. It is observed that the surface heat

flux increases with the size of the pool fire and it varies with size of the cask engulfed in

the fire. For larger pool diameters, the incident heat flux is higher than for the smaller

diameters. Except for few configurations, the numerical results are well compared with

the estimated heat flux results within the uncertainty limits.

Figures 6.19 to 6.24, show that the heat flux increasing from a lower value reaches a

maximum and then decreases. Flame takes around 120 s to reach the steady state and

during this period the heat flux on to the cask gradually increases as the flame is slowly

ramping up. After reaching a steady state, because of the increase in the temperature

of the cask surface temperature, the net heat flux from the flame to the cask decreases.

Finally, when the cask surface reaches the temperature of the flame, the net heat flux to

the cask surface becomes zero. From Fig. 6.19, for the vertical casks engulfed in 0.5 m

diameter pool fire, the maximum heat flux is around 40 kW/m2. For the horizontal

casks engulfed in 0.5 m diameter pool fire (Fig. 6.22), the maximum heat flux is around

60 kW/m2. A maximum heat flux of 60 kW/m2 is both horizontal and vertical casks

engulfed in 0.7 m pool fire. A maximum heat flux of 80 kW/m2 is both horizontal and

vertical casks engulfed in 1.0 m pool fire. Data is not smoothened and therefore, some

coarseness in the heat fluxes are seen in the Figs. 6.19 to 6.24. The heat flux values are

underpredicted when compared with IHCP results but are within the uncertainty of the

IHCP simulations.

6.8.4 Partitioning of Heat Fluxes

The total incident heat flux in Eq. (6.23) consists of convection and radiation components.

The first term of the RHS in Eq. (6.23) gives the radiative component where as the second

term gives the convective component. These two components are computed at each time
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Fig. 6.19 Surface heat flux for vertical casks engulfed in a 0.5 m pool fire
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Fig. 6.20 Surface heat flux for vertical casks engulfed in a 0.7 m pool fire
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Fig. 6.21 Surface heat flux for vertical casks engulfed in a 1.0 m pool fire
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Fig. 6.22 Surface heat flux for horizontal casks engulfed in a 0.5 m pool fire
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Fig. 6.23 Surface heat flux for horizontal casks engulfed in a 0.7 m pool fire
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Fig. 6.24 Surface heat flux for horizontal casks engulfed in a 1.0 m pool fire
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step. Since all the results gave a similar conclusion, only two blockages (minimum and

maximum) are shown in this study. Figure 6.25 shows the convection and radiation

heat flux components of the incident heat flux for two blockages 0.8% and 14.4% for

vertical casks. Irrespective of the blockage, it is observed that the radiative component

is more dominant than the convective component. The maximum convective component

is 9.7 kW/m2 in all the blockages covered in this work. Figure 6.26 shows the fraction

of the heat flux component to the total heat flux experienced by the casks in 1 m pool

fire in vertical and horizontal orientations. It is observed that the convective component

is decreasing while the radiative component is increasing with the increase in time for all

the blockages. At maximum total heat flux, the convective component is 10% and the

radiative component is 90% for all the configurations considered in this study.

The present study shows that there is no influence of blockage (0.8% < B < 14.4%) on

heat release rate. The measured velocity of pool fires are very low and of the order of

1.53 m/s to 1.79 m/s. Though the forced convective heat transfer is dominated than

the free convection in this study, it is observed that radiation is dominant by 90% of the

total heat transfer. The concept of adiabatic surface temperature is adapted to thermal

tests and is validated with the experimental results. The numerically predicted results

are within 10% of the experimental results.

Fig. 6.25 Partitioning of heat fluxes for vertical and horizontal casks
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Fig. 6.26 Fraction of heat flux components for vertical and horizontal casks

6.8.5 Discussion on the Relevance of the Present Study as

Against IAEA Standards

International Atomic Energy Agency standard specifies the pool fire temperature as 800 ◦C

(IAEA, 2005). The standard does not specify about the size of the pool fire. It may be

observed that the pool fire sizes used in various investigations reported in the literature

varies from 2 m to 16 m. The maximum temperature of the flame varies with the size

of the pool (Section 3.12). Hence, merely specifying 800 ◦C as the flame temperature

may not be appropriate. This study demonstrates that using measured AST for thermal

analysis is appropriate. AST varies with the pool fire diameter and fuel. For larger pool

fires, AST needs to be measured and used for qualifying the casks.

6.9 Conclusions

Transportation package is idealized as a circular cask filled with an insulating material.

For a blockage ratio of 0.8% < B < 14.4%, the effect on the mass burning rate of diesel

pool fires is not significant. Maximum heat flux onto the casks is around 40-45 kW/m2,

60-70 kW/m2 and 70-80 kW/m2 for pool diameters of 0.5 m, 0.7 m and 1.0 m respectively.

Radiation is dominant by 90% of the total heat transfer and hence the convective heat

transfer can be neglected in heat transfer models for these blockage ratios.

The adiabatic surface temperature (AST) of diesel pool fires are computed from measured

plate thermometer temperatures. By employing mixed boundary condition in a CFD
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package, transient temperature distribution and heat flux to the casks are estimated.

This present work demonstrates that the AST of the pool fires can be used to predict the

behavior of the thermal casks engulfed in pool fires. This clearly obviates the necessity

of computationally intensive modeling of open pool fires. The transient temperature

distribution and heat flux distribution would serve as benchmark results for validating

computational results.
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CHAPTER 7

Numerical Simulations for Thermal Tests

7.1 Introduction

In the previous chapters, experimental studies on open pool fires are discussed. This

chapter investigates numerical simulations of open pool fires using a CFD model, Fire

Dynamics Simulator (FDS). It is a computational fluid dynamics model of fire-driven

fluid flow (McGrattan et al., 2007).

Real life cask testing involves the transportation cask being engulfed in a pool fire of

≥ 4 m pool fire. However, conducting experiments with 4 m pool fire is quite expensive.

Hence, numerical experiments are carried out using FDS. FDS is validated using 1 m pool

fire results. Then, results would be obtained by FDS for 4 m pool fire.

7.2 Mathematical Modeling in FDS

FDS solves numerically a form of the Navier-Stokes equations appropriate for low-speed,

thermally-driven flow, with an emphasis on smoke and heat transport from fires. Partial

derivatives of the conservation equations of mass, momentum and energy are approxi-

mated as finite differences, and the solution is updated in time on a three-dimensional,

rectilinear grid. Thermal radiation is computed using a finite volume technique on the

same grid as the flow solver. Lagrangian particles are used to simulate smoke movement,

sprinkler discharge, and fuel sprays. In FDS, the gases are treated as incompressible. Also,
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the flow is considered as the low speed flow i.e., Mach number less than 0.3. Algorithm

uses predictor corrector scheme which is second order accurate in time and space. Turbu-

lence is treated with large eddy simulation model. The following conservation equations

are solved for gas phase in FDS:

7.2.1 Continuity Equation

The continuity equation is given by:

∂ρ

∂t
+5 · ρu = ṁ′′′b (7.1)

where ρ is the density of the gas, u is the velocity, t represents time and ṁ′′′b is the

bulk mass source per unit volume. The gas phase mass conservation equation mentioned

in Eq. (7.1) is not the conventional one because of the presence of extra source term,

ṁ′′′b . This source term accounts for the pyrolysis of solid and evaporation of liquid fuel

and water droplet, which enters a gas-phase control volume through the control volume

surface. Explicitly, this takes into account the mass of gaseous vapour generated due to

evaporation of liquid droplet.

7.2.2 Mass Transport Equation

The mass transport equation is given by:

∂ρYα
∂t

+5 · ρYαu = −5 ρDα5 Yα + ṁ′′′α + ṁ′′′bα (7.2)

where Yα is the mass fraction, Dα is the diffusivity coefficient of species α and ṁ′′′bα is the

bulk production rate of species α by evaporating droplets or particles per unit volume..

Here, α denotes species i.e., CO2, CO, H2O, soot and fuel. The equation of mass transport

accounts for the both the gas species generated due to chemical reaction as well as due

to evaporation of liquid droplets or particle the source terms. Also, sum of Eq. (7.2) over

all the species (α) results in
∑
Yα = 1 and net rate of production or depletion of species

becomes zero i.e.,
∑
ṁ′′′α = 1. Moreover for continuity equation to hold true, following

conditions are to be satisfied: ∑
ṁ′′′bα = ṁ′′′b (7.3)

5 ρDα5 Yα = 0 (7.4)

7.2.3 Momentum Equation

The momentum equation is given by:

∂ρu

∂t
+5 · ρuv +5 = ρg + fb +5 · τij (7.5)
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where p is the pressure and g is the gravity. The force tern fb represents the external

force such as drag force exerted by liquid droplet. The stress tensor τij is given as

τ = (µ+ µLES)(2S − 2

3
δij(5 · u)) (7.6)

δij =

1, i = j

0, i 6= j
(7.7)

FDS uses the large eddy simulation model (LES) for accounting the turbulence in flow

field. In LES model, for the eddies having the scale greater than grid size are resolved

directly while sub grid eddies are modeled. FDS incorporates Smagorinsky model for

resolving the sub grid eddies in overall flow by evaluating the numerical viscosity (µLES)

as per:

µLES = ρ(Cs∆)2(2SijSij −
2

3
δij(5 · u)2)0.5 (7.8)

where Cs is smagorinsky constant, ∆ is kronecker delta,

Sij =
1

2

(
∂ui
∂xj

+
∂uj
∂xi

)
(7.9)

7.2.4 Energy Equation

The transport of sensible enthalpy equation is given by:

∂

∂t
(ρhs) +5 · ρhsu =

Dp

Dt
+ q̇′′′ − q̇′′′b +5 · q̇′′ + ε (7.10)

where q̇′′′ is the heat release rate per unit volume, q̇′′′b the heat transferred to evaporating

liquid droplet per unit volume, hs is heat transfer coefficient and ε is dissipation rate. The

heat flux q̇′′ accounts for conductive heat, heat because of species diffusion and radiative

heat.

7.2.5 Combustion Model

FDS incorporates finite rate reaction model and mixture fraction model. Since in LES

small scale diffusion processes are not resolved, mixture fraction model is invoked for cal-

culating heat release rate and species mass fraction. Mixture fraction represents fraction

of unburned fuel and burned fuel i.e., product. Hence this variable is always conserved.

Mixture fraction model assumes that combustion is mixing controlled and reaction be-

tween fuel and oxidizer is infinitely fast. Mixture fraction model assumed to follow:

υF [F ] + υO[O]→
∑

υP [P ] (7.11)
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The stoichiometric coefficients υF , υO and υP can be obtained by element balance. Mixture

fraction is conserved scalar property and defines fraction of gas present at any given point

in the flow field. Mathematically, the mixture fraction (Z) may also be defined in terms

of mass fraction of the fuel and carbon carrying product:

Z =
1

Y 1
F

[
YF +

WF

xWCO2

YCO2 +
WF

xWCO

YCO +
WF

xWs

Ys

]
(7.12)

It can be partitioned into unburned fuel and burned fuel which is converted into the

products as:

Z1 =
YF
Y 1
F

(7.13)

Z2 =
WF

xWCO2

YCO2 +
WF

xWCO

YCO +
WF

xWs

Ys (7.14)

where Wα is molecular weight of species α. The local heat release is computed as:

Zn+1
1 = Zn

1 −
[
q̇′′′∆t

ρ∆H

]
(7.15)

Zn+1
2 = Zn

2 +

[
q̇′′′∆t

ρ∆H

]
(7.16)

From the mixture fraction variable Z1 and Z2, the species mass fractions can be deter-

mined, as mass fractions of the species (Yα) is function of Z1 and Z2 only i.e., Yα =

f(Z1, Z2). The relation between mass fractions of species and mixture fractions is defined

as state relation.

7.2.6 Radiation Model

The gas generated due to combustion is considered as the non-scattering, hence, this

results in the great simplification of radiation transport equation (RTE). The simplified

RTE is expressed as:

s · 5Iλ(x, s) = κ(x, λ)[Ib(x)− Iλ(x, s)] (7.17)

where I is radiative intensity, λ is wave length, κ is absorption coefficient. The complete

radiation band is divided into six or nine bands and RTE is solved over each discrete band

wavelength. The band specific RTE are:

s · 5In(x, s) = κn(x, λ)[Ib,n(x)− In(x, s)], n = 1, 2, 3, ...N (7.18)

The total intensity is calculated by summing up the intensity obtained for individual

bands. Moreover the radiative property like absorption coefficient is calculated using
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RADCAL subroutine specifically developed for open pool fire simulations. More details

on mathematical modeling of FDS are well presented in Wen et al. (2007), Xin et al.

(2008), McGrattan and Klein (2007).

7.3 FDS Parameters

The FDS input parameters are classified as miscellaneous parameters, hydrodynamic pa-

rameters, combustion parameters, liquid fuel properties, radiation parameters and miscel-

laneous parameters. The hydrodynamic FDS input parameters are presented in Table 7.1.

For large scale computations Courant Friedrichs Lewy (CFL) restricts the time step. It

is defined as

δt = max

(
|u|
δx
,
|v|
δy
,
|w|
δz

)
(7.19)

The CFL conditions asserts that the solution of the equations cannot be updated with a

time step larger than that allowing a parcel of fluid to cross a grid cell. Von Neumann

number (VN) is a non dimensional number that controls the time step in case of fine grid,

i.e., it is only invoked in DNS simulation and in LES if grid size is smaller than 5mm. It

is defined as

2max

(
µ,D,

k

ρCp

)
δt

(
1

δx2
+

1

δy2
+

1

δz2

)
< 1 (7.20)

Turbulent Prandtl number is defined as the ratio of turbulent momentum diffusivity

to turbulent thermal diffusivity. Turbulent Schmidt number is defined as the ratio of

turbulent momentum diffusivity to turbulent mass diffusivity.

The combustion parameters for diesel pool fire are given in Table 7.2. The chemical

composition of diesel is estimated by the CH (carbon, hydrogen) analysis. The results of

CH analysis are given in Appendix B. CO yield is the fraction of mass of fuel that converted

to carbon monoxide in kg of CO/kg of fuel. The value presented in Table 7.2 is from SFPE

(2008). Soot yield is the fraction of mass of fuel that converted to soot in kg of soot/kg

of fuel. Presence of soot plays dominant role in radiation energy transport. Critical or

adiabatic flame temperature is defined as the highest value of temperature achieved when

stoichiometric air fuel ratio mixture is burnt completely at constant pressure adiabatically.

The properties of the diesel liquid are given in Table 7.3. The fuel properties presented in

Table 7.3 are from SFPE (2008). Absorption coefficient of liquid represents the absorption

depth of thermal radiation. This parameter is important for mass burning rate prediction

in FDS.

The FDS radiation parameters are given in Table 7.4. Gray band model assumes that all

the radiative properties are independent of wave length and depend only on the tempera-
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Table 7.1 Hydrodynamic FDS input parameters

Parameter Description Value

Simulator Include gas phase flame extinction .TRUE.

Smagorinsky 0.2

CFL region 0.8-1.0

Von Neumann region 0.8-1.0

LES .TRUE.

Turbulent Prandtl number 0.5

Turbulent Schmidt number 0.5

Baroclinic torque .TRUE.

Schmidt Number 0.5

Pr 0.71

Forced coefficient 0.037

Horizontal coefficient 1.52

Vertical coefficient 1.31

Droplets disappear @ floor .TRUE.

Table 7.2 FDS combustion input parameters for diesel vapor

Description Parameter Value

Diesel Carbon 14

Hydrogen 24

Oxygen 0

Nitrogen 0

Other 0

Ambient oxygen mass fraction, YO2,∞ 0.23

Mass fraction of fuel at burner, YF,0 1 kg/kg

Fire suppression Limiting O2 0.15 mol/mol

Critical (Adiabatic) flame temperature 1427 ◦C

By products Heat of combustion 42900 kJ/kg

Ideal energy .TRUE.

Carbon monoxide fraction (CO yield) 0.012 kg/kg

Soot fraction (soot yield) 0.1 kg/kg
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Table 7.3 FDS input parameters for diesel liquid

Description Parameter Value

Thermal properties Density 840 kg/m3

Specific heat of fuel 1.89 kJ/kg.K

Thermal conductivity 0.18 W/m.K

Emissivity 0.9

Absorption coefficient 50000 1/m

Pyrolysis Heat of combustion 42900 kJ

Boiling temperature 300 ◦C

Initial vapor 5× 10−4 m2/s

Heat of vaporization 232.6 kJ/kg

Fuel vapor yield 0

Water vapor yield 0

Residue yield 0

Endothermic .TRUE.

ture. Time step increment is the frequency of invoking radiation solver. Angle increment

is the frequency at which the solid angle is changed. From Table 7.4, the radiation solver

is invoked for every 6 time steps and solid angle is updated for every 5 time steps.

Table 7.5 shows the typical input miscellaneous parameters given in FDS. The simulations

are run for 300 s. Burn away of solid represents whether fuel can be burn out in quantity

or not. The parameter would set to .TRUE. when the mass burning rate is unknown and

also it involves huge computational costs.

7.4 FDS Input Parameters that are Under

Consideration

The FDS input parameters that are under consideration in study are grid size, solid

angle and time step increment and type of radiation model. Figure 7.1 shows a typical

computational domain used for studying sensitivity of input parameters on FDS output

in open pool fires. A sensitivity analysis is performed on these parameters by observing

their influence on centerline temperature and irradiance at Z/D = 1 for 0.3 m and 0.5 m

diesel pool fire (Fig. 7.1). Irradiance is the heat flux from the flame incident at a given

location. The temperature and irradiance values are averaged over the entire span of

simulation time except for the initial ramp up period. The ramp up period in this study

is 1 s. Table 7.6 shows various input parameters for diesel pool fires of 0.3 m and 0.5 m
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Table 7.4 FDS radiation simulation parameters

Description Parameter Value

Radiation RTE .TRUE.

Wide band model .FALSE.

Gray band model .TRUE.

Time step increment 6

Angle increment 5

Solid angles 500

Polar angles 15

Radiative source temp 1000 ◦C

Absorption coefficient 1.2 1/m

Radiative loss fraction 0.23

Path length 0.3 m

Table 7.5 Miscellaneous FDS input parameters

Parameter Description Value

Time Start time 0 s

End time 300 s

Initial time step 0 s

Don’t allow dt change .FALSE.

Don’t allow dt exceed initial .TRUE.

Wall update increment 2 frames

Output 3D smoke visualization .TRUE.

Restart 300 s

Environment Ambient temperature 25 ◦C

Atmospheric pressure 1.01325× 105 Pa

Gravity (upward) -9.81 m/s2

Others Burn away of solid .FALSE.

Thickness of liquid fuel 0.1 m

148



7. Fire Dynamics Simulator

pool fire. As the simulation results for both the pool fires depict same conclusions, only

0.3 m pool fire results are presented in this report.

Fig. 7.1 Typical computational domain used for open pool fire simulations

Table 7.6 FDS input parameters for 0.3 m and 0.5 m diesel pool fires

Pool diameter, D

Parameter 0.3 m 0.5 m

Domain size (m3)

length × breadth × height 0.75× 0.75× 1.2 1.2× 1.2× 2.4

Angle increment, fn 5 5

Time step increment, ft 3 3

Radiation model Gray band Gray band

Mass burning rate 17 gm/m2.s 27.5 gm/m2.s

Time period 30 s 30 s

7.4.1 Influence of Grid Resolution on Centerline Temperature

and Irradiance

Basing on the observations of Lin et al. (2010), the number of solid angles is taken as 500.

The angle increment (fn)and time step increment (ft) are fixed as 5 and 3 respectively.
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Influence of grid size on the centerline temperature and the irradiance computed at Z/D =

1 from the axis of pool is examined. For the purpose of representation, a non dimensional

grid resolution is defined as follows. Non dimensional resolution,

R =
max(dx, dy, dz)(

Q

ρ∞CpT∞
√
g

)2/5
(7.21)

This non dimensional grid size is used in order to make the sensitivity analysis independent

of pool diameter and fuel used. Figure 7.2 shows the centerline temperature variation for

0.3 m diesel pool fire for different grid sizes. For a non dimensional resolution (R) of

0.076 and for further finer resolution, the temperatures practically are same. Figure 7.3

shows irradiance at Y/D = 1 for 0.3 m diesel pool fire for different grid sizes. For a

non dimensional resolution (R) of 0.035 and for further finer resolution, the irradiance

do not change. Hence, a non dimensional resolution, R = 0.035 or finer would provide

satisfactory results.

Fig. 7.2 Centerline temperature variation for different

grid sizes in a 0.3 m diesel pool fire

7.4.2 Influence of Different Radiation Models on Centerline

Temperature and Irradiance

The influence of different radiation models on centerline temperature and irradiance is

studied for fixed grid size, solid angle, angle increment and time step increment. The
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Fig. 7.3 Irradiance at Y/D = 1 along the height for different

grid sizes in a 0.3 m diesel pool fire

radiation models available in FDS are gray band model and wide band model. Figure 7.4

shows the variation of centerline temperature for different radiation models in a 0.3 m

diesel pool fire. Figure 7.5 shows the variation of irradiance for different radiation models

in a 0.3 m diesel pool fire. The maximum deviations in temperature and irradiance are

6% and 4% respectively. The time for simulations with gray band model took 49 minutes,

while the simulations with wide band model took 220 minutes. Gray band model works

under the assumption that the gas properties are independent of wavelength. In spite

of this assumption, Figs. 7.4 and 7.5 show that the gray band model is as capable as

wide band model in numerical simulations. Hence, gray band model is chosen for further

simulations in this work.

7.4.3 Influence of Number of Solid Angles on Centerline

Temperature and Irradiance

For a fixed grid size, the number of solid angles are varied from N = 100 to N = 700. Gray

model is chosen as radiation model. The angle increment (fn)and time step increment (ft)

are fixed at 5 and 3 respectively. Figure 7.6 shows the centerline temperature variation

for different number of solid angles for a 0.3 m diesel pool fire. It is observed that there is

no influence of number of solid angles on centerline temperature in this range. Figure 7.7

shows the variation of irradiance at Y/D = 1 along the height for different solid angles.

151



7. Fire Dynamics Simulator

Fig. 7.4 Centerline temperature variation for different

radiation models in a 0.3 m diesel pool fire

Fig. 7.5 Irradiance at Y/D = 1 along the height for different

radiation models in a 0.3 m diesel pool fire

152



7. Fire Dynamics Simulator

It is observed that the irradiance becomes independent for N > 300. Hence, number of

solid angles, N = 500 is considered for further simulations

7.4.4 Influence of Time Step Increment and Angle Increment

on Centerline Temperature and Irradiance

Lin et al. (2010) suggested that the time step increment and angle increment have less

influence on the simulation results like centerline temperature, irradiance, velocity etc.

Simulations are run for fixed solid angle, grid size and gray band radiation model. The

time step increment (ft) is varied from 3 to 6 while the angle increment (fn) is fixed at

5. Then another simulation is run with time step increment of 1 and angle increment

of 1. Figure 7.8 shows the variation of centerline temperature for different time step

increments and angle increments for a 0.3 m diesel pool fire. Figure 7.9 shows the variation

of irradiance for different time step increments and angle increments for 0.3 m diesel pool

fire. It is observed that both the centerline temperature and irradiance are independent

of angle increment and time step increment in this range. For the lower fn and ft, the

computational time has doubled with significant change in the results. Hence, in the

further simulations fn = 5 and ft = 6 are considered.

Fig. 7.6 Centerline temperature variation for different number

of solid angles in a 0.3 m diesel pool fire
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Fig. 7.7 Irradiance at Y/D = 1 along the height for different number

solid angles in a 0.3 m diesel pool fire

Fig. 7.8 Centerline temperature variation for different time step

and angle increments of 0.3 m diesel pool fire
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Fig. 7.9 Irradiance at Y/D = 1 along the height for different time step

and angle increments and of 0.3 m diesel pool fire

7.4.5 Summary of Sensitivity Analysis

The simulation parameters obtained from the sensitivity analysis for 0.3 m and 0.5 m pool

diameter are shown in Table 7.7. Both the gray band model and wide band model gave

the same results within 6%. Gray band model is faster in terms of computational times. It

is observed that the grid resolution has strong influence on the centerline temperature and

irradiance. The number of solid angles only influenced the irradiance but not the centerline

temperature. The angle increment and time step increment has least significance on the

results but lower the numbers, higher the computational time.

Table 7.7 Summary of sensitivity analysis

Parameter Value

Grid resolution, R 0.035

Solid angle, N 500

Angle increment, fn 5

Time step increment, ft 6

Radiation model Gray band
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7.4.6 FDS input parameters that Depend on Pool Size

The parameters shown in Table 7.7 are independent of pool size. Table 7.8 shows the

pool size dependent FDS input parameters for diesel pool fires of different diameters. The

radiative fraction in Table 7.8 are from the multi-location measurements as explained in

Section 3.14.3.

Table 7.8 Pool size dependent FDS input parameters

Diesel pool diameter, D

Parameter 0.3 m 0.5 m 0.7 m 1.0 m

Mass burning rate, ṁ′′ (gm/m2.s) 17.0 27.5 32.7 39.1

Radiative fraction, χr 0.168 0.181 0.258 0.271

7.5 Numerical Simulations for 1 m Circular Diesel

Pool Fire

Using the input parameters given in Tables 7.1 to 7.5, 7.7 and 7.8, simulations are run

for a 1 m circular diesel pool fire. The grid size is chosen as dx = 6 cm that corresponds

to resolution, R = 0.035. The time period of simulations is 30 s. The data for the last

26 seconds is averaged to obtain the steady state results. FDS version is used for the

following simulations is 5.5.3.

7.5.1 Centerline Temperature

Ten thermocouple devices are placed along the axis each one separated by 20 cm in the

simulations. Figure 7.10 shows the centerline temperature distribution from simulations

compared to the thermal image data. The centerline temperature from the infrared camera

is only a representative data but not the true temperature data. The emissivity to obtain

this data is an average emissivity of 0.65. It is observed that the flame emissivity varies

along the height as given in Section 3.9. Hence, the comparison given in Fig. 7.10 has

to be view qualitatively but not quantitatively. The order of magnitude for simulation

results and the thermal image are same.

Figure 7.11 shows the centerline temperature from the FDS compared to that obtained

from the infrared camera. The variation of emissivity along the height is considered to

obtain the thermal distribution. Hence, the thermal camera data presented in Fig. 7.11

differs from that presented in Fig. 7.10. This comparison shows that the FDS is able to

capture the centerline temperature.
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Fig. 7.10 Centerline temperature from FDS and infrared camera

for 1 m circular diesel pool fire

Fig. 7.11 Centerline temperature from FDS and infrared camera

for 1 m circular diesel pool fire
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Fig. 7.12 Irradiance at Y/D = 1 along the height from FDS and infrared camera

for 1 m circular diesel pool fire

7.5.2 Irradiance at Z/D = 1

Ten heat flux measuring devices are placed along the axis each one separated by 20 cm

in the simulations. Figure 7.12 shows the irradiance from 1 m circular diesel pool fire at

a distance of Z/D = 1 away from the pool center. The irradiance presented in Fig. 7.12

are from FDS simulations and from the thermal images. The maximum deviation of

simulation results is within 12% from the results obtained from thermal image. This

shows that FDS is capable of simulating open pool fires with blended fuels like diesel.

7.5.3 Vertical Velocity at Y /D = 0.2

The vertical velocity at a height of Y/D = 0.2 is computed using a velocity probe in the

simulations. The average vertical velocity obtained from simulations is 2.14 m/s. The

velocity obtained from bidirectional probe is 1.79 m/s. Though the difference is 20%, the

predictions are in the order of magnitude of experimental results. The inherent problem

in measuring such a low velocity might have been the problem in the experimental results.

7.5.4 Adiabatic Surface Temperature

The advantage of FDS over experiments is that, the adiabatic surface temperature (AST)

can be at different locations. A cask of 114 mm diameter and 114 mm height is generated
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inside the pool fire as shown in Fig. 7.13. The adiabatic surface temperature on the side

of the cask is computed to be 855.98 ◦C. The steady state AST for 1 m diesel pool fire is

experimentally measured as 831 ◦C. The heat transfer coefficient along the side wall of the

cask in FDS simulations is obtained as 12.76 W/m2.K. The heat transfer coefficient for

this configuration obtained using Eq. (6.31) (Hadad and Jafarpur, 2011) is 15.23 W/m2.K.

This shows that the numerical prediction of AST is as good as experimental results.

The computed AST from FDS simulations is given as input to solve the heat transfer in

the cask. The input is a mixed boundary condition. Due to the similarities in the results,

only the results of one cask are discussed. The dimensions of the cask are: d = 114 mm,

h = 114 mm and t = 8.6 mm. Figure 7.14 shows the subsurface temperature distribution

from conduction code using the AST obtained from FDS simulations (d = 114 mm, h

= 114 mm and t = 8.6 mm). Figure 7.15 shows the surface heat flux from numerical

simulations using the AST obtained from FDS simulations.

Figures 7.14 and 7.15 shows the comparison of FDS results with the experimental results

for a 1 m diesel pool fire. The maximum deviation is around 10% in the subsurface

temperature. The deviation of temperature values inside the insulation is may be due

the variaion of thermal properties of the insulation. The density of the insulation might

change while placing inside the cask. The predicted heat flux values are inline with the

experimental results. This comparison affirms that the FDS is capable of simulating heat

transfer in casks engulfed in open pool fires along with a conduction code.

Fig. 7.13 Typical computational domain used for a cask

engulfed in 1 m circular diesel pool fire
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Fig. 7.14 Subsurface temperature distribution using AST from FDS simulations

Fig. 7.15 Surface heat flux for a cask using AST from FDS simulations
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7.6 Boundary Conditions for Thermal Tests Using

FDS

It has been demonstrated that FDS is capable of simulating open pool fires. Hence, FDS

can be safely employed for thermal tests. The following are the steps to get the boundary

conditions from FDS for thermal tests for B < 14.4%:

• Obtain the pool size and find the mass burning rate using
(
1− e−κβD

)
ṁ′′∞. ṁ′′∞

and κβ for different fuels are given in Table 3.1 and Section 3.10 respectively.

• Obtain the radiative fraction for the pool fire. χr values for different sizes are given

in Table 7.8 and Section 3.14.3.

• Generate FDS domain for a grid resolution of at least B = 0.035.

• Create an object of the same size as the thermal cask.

• Create adiabatic surface temperature measuring devices at different locations on the

surface of the object.

• Create devices to measure the heat transfer coefficient at the surfaces of the object.

• Run FDS simulations for a time period of 30 s.

• This AST along with the heat transfer coefficient becomes the mixed boundary

condition for further conduction or any other analysis.

As it has been demonstrated that the pool fires are radiation dominant, measurement of

heat transfer coefficient can be neglected for better computational times.

7.7 AST for large pool fires

Adiabatic surface temperature is numerically computed for pool fires of large pool sizes.

A cylinder of 1 m diameter and 1 m height is considered as the blockage for D ≥ 1 m.

The blockage is placed at a height of around 0.2D from the pool base. Table 7.9 shows

the AST and convective heat transfer coefficient for large pool sizes, 2 m ≤ D ≤ 8 m. It

is the observed that the AST increases with the pool diameter. Also for this cask, AST

measured horizontally and vertically are almost the same (within 4%). A linear curve fit

for this data is given in the last row of Table 7.9. This AST can be given as boundary

condition for the thermal analysis of a cask engulfed in pool fire.
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Table 7.9 AST for different diesel pool fires

Cask orientation

Pool diameter, Vertical horizontal

(m) AST ( ◦C) h (W/m2.K) AST ( ◦C) h (W/m2.K)

2 914.3 10.6 871.9 11.3

4 964.3 12.4 934.8 13.1

5 1030.6 10.2 1016.5 10.0

6 1089.0 10.0 1082.3 10.1

7 1100.9 10.1 1088.5 10.8

8 1151.3 10.1 1159.0 10.7

D ASTavg = 44.8D + 794.9

7.8 Conclusions

Sensitivity analysis for various FDS input parameters is performed. The simulations

results are very much influenced by the grid resolution and least influenced by the angle

increment and time step increment. FDS simulations are validated using experimental

results for diesel open pool fires. The irradiance results are within 6% of the experimental

data. It is concluded that FDS is capable of simulating non-premixed flames even for

complex fuel such as diesel. It is demonstrated that the FDS is capable of simulating

heat transfer in casks engulfed in open pool fires along with a conduction code. The

adiabatic surface temperature values predicted by FDS simulations compares well with

the experimental results.
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CHAPTER 8

Conclusions and Scope for Future Work

8.1 Conclusions

Open pool fires are studied to optimize the thermal tests. Pool fire characteristics like

flame emissivity, temperature and emissive power distributions are measuring. An opti-

mized methodology for carrying out thermal tests is proposed. The summary of these

studies are presented below:

1. Mass burning rates of hydrocarbon pool fires are measured for different pool sizes.

The mass burning rate increases for pool sizes in range of 0.1 m to 1.0 m diameter.

2. The average flame emissivity can be inferred from the mass burning rate. The flame

emissivity at a particular location can be measured using infrared thermography.

Average flame emissivity increases with the pool size for pool diameters in the range

of 0.1 m to 1.0 m.

3. Emissivity of the flame along the axis of the pool fire is studied. Emissivity of the

flame at different locations can be measured using infrared thermography. Emissiv-

ity of the flame decreases along the axis of the pool from the pool surface.

4. Temperature and emissive power distributions of different pool fires are studied.

The temperature and the emissive power values increase with the pool size. The

temperature and emissive powers for hexane pool fires are higher than gasoline. The
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temperature and emissive powers for gasoline pool fires are higher than diesel pool

fires.

5. Radiative fraction is measured using single-location measurement and multi-location

measurement. The single-location measurement underpredicts the radiative fraction

values. Radiative fraction of diesel pool fires increases with the pool size of diameters

in the range of 0.3 m to 1.0 m.

6. The visual images of the diesel pool fires are studied. The flame height of diesel

fires is 2.13 times of the pool diameter for diameters in the range of 0.3 m to 1.0 m.

There is no much variation in the flame height with the pool size.

7. The gas velocity in diesel pool fires is measured using bidirectional probe. The gas

velocity is in the range of 1.53 m/s to 1.79 m/s for pool fires of diameters 0.5 m to

1.0 m.

8. Fire safety distances for different pool fires are studied. Hexane pool fires are more

dangerous than diesel and gasoline pool fires. The fire safety distances range from

5.7 to 9.5 times pool equivalent diameter for the pool sizes studied.

9. Different modes of heat transfer to a body engulfed in a pool fire are studied. The

convective heat transfer from the flame to the body is less than 10% of the total

heat transfer to the body. Radiation is the dominant mode of heat transfer to a

body engulfed in a pool fire.

10. Thermal tests are studied in diesel pool fires for blockages in the range of 0.8% to

14.4%. Vertical and horizontal orientations of the casks are studied. There is no

influence of blockage on the heat release rate of the pool fires. The transient tem-

perature and heat flux distributions would serve as benchmark results for validating

computational results.

11. A three dimensional approach is studied, to predict the temperature distribution

of a body engulfed in open pool fires. The circular pool fires are symmetric along

the pool axis, in terms of temperature distribution. The two dimensional thermal

images give the apparent temperature distribution of the pool fire. However, these

temperature distributions cannot be used as true temperature distributions inside

the flames.

12. The thermal tests are reduced to simple conduction problem using adiabatic surface

temperature (AST) concept. Plate thermometers are constructed to measure the

AST of a given pool fire. The measured AST is given as mixed boundary condition
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to a conduction code to predict the subsurface temperatures and heat flux to the

cask. The AST approach for carrying thermal tests reduces the computational costs.

13. Fire Dynamics Simulator (FDS) is capable of simulating open pool fires even for a

blended fuel like diesel. FDS can be employed to estimate the AST for large pool

fires.

8.2 Contributions from the Present Work

The following are the contributions from the present work:

1. Pool fire experiments are conducted for pool diameters 0.5 m, 0.7 m and 1.0 m and

fuels diesel, gasoline and hexane. These are real hydrocarbons. In the literature,

most of the data is available for JP-4. Hence, there was a need for data which would

serve as benchmark results for numerical work (FDS).

2. Pool fire properties like flame emissivity, temperature distribution, emissive power

distribution, radiative fraction and flame velocity are measured in this report. Mea-

sured mass burning rate and radiative fraction would serve as an input data to FDS.

Giving mass burning rate as an input eliminates the one step chemical kinetics and

reduces computational time.

3. It is demonstrated that the pool fires are radiatively dominant for diameters larger

than 0.5 m.

4. Computed fire safety distances would guide in planning the experiments.

5. Conventionally, to simulate thermal tests, coupling of fire models and conduction

models is required. FDS do not have conduction model and fire models in com-

mercial packages take enormous computational time. Hence, there was a need for

reducing the computational time. The proposed concept of AST as a mixed bound-

ary condition simplifies the problem to conduction analysis and thereby reduces the

computational costs.

6. International atomic energy agency standard (IAEA) specifies the pool fire temper-

ature as 800 ◦C but does not specify the test conditions in terms of power. This

report shows that the maximum temperature of flame varies with the size of the pool

fire and hence suggests the need for correction in the IAEA standard specifications

for thermal tests.
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8.3 Scope for Future Work

The following aspects may be considered for future work:

1. The effect of pool shape can be studied on the severity of the thermal tests.

2. The flame emissivity distribution of the pool fires can be measured using either

infrared thermography or a visual camera.

3. A methodology to reconstruct the flame (tomography) can be developed. This can

be done by predicted the flame inner temperatures while maintaining the symme-

try and the cumulative apparent temperature. This requires the knowledge of the

distribution of soot volume fraction in the flame.

4. A generalized equation can be made for mass burning rate, flame emissivity, tem-

perature distributions for different pool fires.

5. The AST at different locations inside the flame can be studied. The AST can be

generalized for different fuels and pool sizes.

6. A numerical model can be developed using the temperature distributions to predict

the AST of a pool fire.

7. An experimental study can be performed to measure the temperature distribution

with different blockages at different locations. This involves the understanding the

air entrainment and chemical reactions.

8. A furnace can be modeled to simulate a pool fire. The thermal tests would be

reduced to simple furnace problem.

9. A plug-in can be developed for FDS to simulate three-dimensional conduction along

with fire model. The influence of flame shape can be studied using FDS.
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APPENDIX A

Temperature and Emissive Power Distributions for Gasoline and

Hexane Pool Fires

This chapter presents the experimental results for gasoline and hexane pool fires. The

flame emissivity is measured using the mass burning rate and infrared thermography

(Chapter 3 for gasoline and hexane pool fires of pool diameters 0.3 m, 0.5 m, 0.7 m and

1.0 m. The thermal images are taken for both gasoline and hexane pool fires for diameters

0.3 m, 0.5 m, 0.7 m and 1.0 m. In each set of experiments, thermal images of the flame

are captured using a thermal camera (VisIR Ti200) at a rate of 12 fpm. Using emissivity

values measured on the basis of mass burning rate (Fig. 3.4), these thermal images are

converted to corresponding temperature contour plots. For each diameter around 20 to

40 temperature plots are averaged.

A.1 Gasoline Pool Fires

A.1.1 Variation of Emissivity with Height

As explained for diesel pool fires in Section 3.9, the flame emissivity measured at five

locations along the axis using infrared thermography. Figure A.1 shows the variation of

emissivity of the gasoline pool fire along the height for different diameters. It is observed

that the emissivities at the flame tip are lower than the emissivities at the base of the

pool fire. In all the measurements using infrared thermography, εt is taken as 0.85.
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Fig. A.1 Variation of emissivity along the height of gasoline pool fires

A.1.2 Temperature and Emissive Power Distributions for

Gasoline Pool Fires

Figures A.2 and A.3 show the temperature distributions for gasoline pool fires of 0.3 m,

0.5 m, 0.7 m and 1.0 m diameters. The origin in all these figures is chosen at the center

of the base of the pool. The horizontal and the vertical axis are non-dimensionalized by

dividing the axis with diameter of the pool fire. Peak values are observed at Y/D = 0.1

(X/D varies -0.2 to 0.2) and along the centerline of the pool for all the diameters that

are considered. Figures A.4 and A.5 show the emissive power distributions for gasoline

pool fires of 0.3 m, 0.5 m, 0.7 m and 1.0 m diameters.

A.1.3 Validation of Temperature Measurements Using

Thermal Camera

A series of experiments are conducted using thermocouples for a pool fire of diameter

0.3 m to validate the temperature measurements. A set of 20 K-type thermocouples are

placed along the center line of the pool axis, each is separated by 0.025 m from the other.

All the thermocouples are connected to the computer for the data collection via data

logger. An estimation of error can be derived from an energy balance equation on the

thermocouple junction. Figure A.6 shows the center line temperature distribution ob-

tained from thermocouples (after correction) and the averaged thermal image for gasoline

pool fire of 0.3 m diameter. This shows a reasonably good agreement in the temperature

values inferred from thermal images.
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Fig. A.2 Temperature distribution of 0.3 m and 0.5 m gasoline pool fire

A.1.4 Validation of Heat Flux Measurements at a Distance

Experiments are conducted on a pool fire of 0.3 m diameter using Schmidt Boelter gauge.

The heat flux gauge is traversed along the vertical axis from a distance of 0.3 m from the

pool center. In each position measurements are made for a period of 30 seconds to get

time averaged heat flux at that location. Figure A.7 shows the comparison of heat flux

measurements at Z/D = 1 with heat flux transducer and camera for 0.3 m diameter pool

fire.

A.2 Hexane Pool Fires

Figures A.8 and A.9 show the temperature distributions for hexane pool fires of 0.3 m,

0.5 m, 0.7 m and 1.0 m diameters. The origin in all these figures is chosen at the center

of the base of the pool. The horizontal and the vertical axis are non-dimensionalized by

dividing the axis with diameter of the pool fire. Peak values are observed at Y/D = 0.1

(X/D varies -0.2 to 0.2) and along the centerline of the pool for all the diameters that

are considered. Figures A.10 and A.11 show the emissive power distributions for hexane

pool fires of 0.3 m, 0.5 m, 0.7 m and 1.0 m diameters.
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Fig. A.3 Temperature distribution of 0.7 m and 1.0 m gasoline pool fire

Fig. A.4 Emissive power distribution of 0.3 m and 0.5 m gasoline pool fire
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Fig. A.5 Emissive power distribution of 0.7 m and 1.0 m gasoline pool fire

Fig. A.6 Centerline temperature distribution for 0.3 m gasoline pool fire
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Fig. A.7 Comparison of Heat Flux measurements at Z/D = 1 using Schmidt Boelter

gauge and infrared camera for 0.3 m gasoline pool fire

Fig. A.8 Temperature distribution of 0.3 m and 0.5 m hexane pool fire
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Fig. A.9 Temperature distribution of 0.7 m and 1.0 m hexane pool fire

Fig. A.10 Emissive power distribution of 0.3 m and 0.5 m hexane pool fire
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Fig. A.11 Emissive power distribution of 0.7 m and 1.0 m hexane pool fire
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APPENDIX B

Elemental Analysis of Diesel

This appendix provides the Carbon, Hydrogen and Nitrogen (CHN) analysis of diesel.

Samples of diesel is sent to Sophisticated analytical instrument facility at Indian institute

of technology, Bombay. The analyzer used for the analysis is Thermo finnigan make

FLASH EA 1112 series. Figure B.1 provides the results of this report. The chemical

composition of diesel is estimated to be C14H24.
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Fig. B.1 CHN analysis of diesel
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Muñoz, M., Planas, E., Ferrero, F. and Casal, J. (2007). Predicting the Emissive Power

of Hydrocarbon Pool Fires. Journal of Hazardous Materials , 144, 725–729.

Mukta, G. (2011). Jaipur Fire and its Environmental Effects. In 12th Esri India User

Conference, New Delhi, India.

Mukunda, H.S. (2009). Understanding Combustion 2nd Edition. Orient Blackwan.

Mulholland, G.P., Gupta, B.P. and San, M.R.L. (1975). Inverse Problem of Heat Con-

duction in Composite Media. ASME Paper , 75-WA/HT-83.

Nakos, J.T. (2005). Uncertainty Analysis of Steady-State Incident Heat Flux Measure-

ments in Hydrocarbon Fuel Fires. SAND2005-7144.

Nakos, J.T. (2010). Description of Heat Flux Measurement Methods Used in Hydrocarbon

and Propellant Fuel Fires at Sandia. Sandia National Laboratories , SAND2010-7062.

Nakos, J.T. and Keltner, N.R. (1989). The Radiation-Convective Partitioning of Heat

Transfer to Structures in Large Pool Fires. Sandia National Laboratories , 106, 381–

387.

Ojha, M., Dhiman, A.K. and Guha, K.C. (2012). Simulation of Thermally Protected

Cylindrical Container Engulfed in Fire. Journal of Loss Prevention in the Process In-

dustries , 25, 391–399.

Parag, S. and Raghavan, V. (2009). Experimental Investigation of Burning Rates of Pure

Ethanol and Ethanol Blended Fuels. Combustion and Flame, 156, 997–1005.

Portscht, R. (1975). Studies on Characteristic Fluctuations of the Flame Radiation Emit-

ted by Fires. Combustion Science and Technology , 10, 73–84.

Qian, C. (1995). Flame Spread Over Vertical Corner Walls . Ph.D. thesis, Department of

Mechanical Engineering, University of Kentucky, Lexington.

Qian, C. and Saito, K. (1995). Measurements of Pool-Fire Temperature Using IR Tech-

nique. In Gore JP (ed) Joint Technical Meeting Proceedings, Combusion Fundamentals

and Applications , 81–86, San Antonio, TX.

Qian, C., Ishida, H. and Saito, K. (1994). Upward Flame Spread along PMMA Vertical

Corner Walls Part II: Mechanism of ”M” Shape Pyrolysis Front Formation. Combustion

and Flame, 99, 331–338.

Quintiere, J.G. (1998). Principles of Fire Behavior . Career Education Series, Delmar.

185



Bibliography

Rashbash, D.J., Rogowski, Z.W. and Stark, G.W.V. (1956). Properties of Fires of Liquids.

Fuel , 35, 94–107.

Rempe, J.L. and Knudson, D.L. (2008). High Temperature Thermal Properties for Metals

Used in LWR Vessels. Journal of Nuclear Materials , 372, 350–357.

Rew, P.J., Hulbert, W.G. and Deaves, D.M. (1997). Modelling of Thermal Radiation from

External Hydrocarbon Pool Fires. Process Safety and Environmental Protection, 75,

81–89.

Saito, K. and Emori, R.I. (1980). Theoretical Prediction for the Applicable Range of

Scaling Laws on Tank Fire Model Experiment. In Fifth Joint Meeting US-Japan Panel

on Fire Research and Safety, UJNR, Washington, DC.

Sandia (2013). How SAFE are Radioactive Material Packages? http://wwwsandiagov/

tp/SAFE_RAM/WHATHTM.
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