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Introduction

Liquid fuel spill and pool fires represent potential

hazards in many applications ranging from

accidents at industrial plants using combustible

liquids to arson fires with flammable fuels. A

pool is characterized as a confined body of fuel

that typically has a depth greater than 5 mm. A

pool can result due to a liquid fuel release that

collects in a low spot, such as a trench, or can

exist as a result of normal storage of fuels in

tanks and containers. A fuel spill is generally

associated with thin fuel layers resulting from

an unconfined release of fuel. The nature of a

spill fire is highly variable, depending on the

source of the release, surface features of the

substrate (e.g., concrete, ground, water) on

which the fuel is released, and the point and

time of ignition. The ability to characterize fuel

spills and the resulting fires in a consistent and

conservative manner is required for many engi-

neering analyses. This chapter provides an over-

view of the most relevant factors and

methodology for evaluating a liquid fuel spill or

pool fire in terms of fire growth and size.

The chapter is organized in three major sections

corresponding to the three primary steps of

evaluating the development of a liquid fuel spill

or pool fire: (1) “Spill or Pool Size,” (2) “Fire

Growth,” and (3) “Fire Size.” The first section

deals with the process of estimating the physical

size of any given fuel release or pool of fuel. Both

static (fixed quantity of liquid) and continuously

flowing spill fires have been considered. Once a

liquid fuel spill or pool has occurred, ignition of the

fuel will lead to a transient fire growth period. This

transient period of a liquid fuel fire is dictated

by the flame spread rate across the surface of the

liquid. The second section of the chapter addresses

the assessment of fire growth rate by providing an

overview of flame spread on liquid fuels. The third

section discusses the available data and correlations

that can be used to evaluate the size of the fire in

terms of heat release rate and flame height.

The heat release rate of a fire is the primary

parameter used in determining the impact of a

fire on its surroundings. The impact of a fire is

dealt with in other chapters of this handbook. The

heat transfer from liquid fuel spill or pool fires is

addressed by Beyler [1].

Spill or Pool Size

The first step in analyzing a liquid fuel fire is to

characterize the physical dimensions of the fuel

spill or pool. The area of the initial body of fuel

will correlate to the size of the resulting fire. A

confined fuel release or existing open container

of fuel will result in a pool fire of a known area. A

pool fire represents a body of fuel that is confined

by physical boundaries. In other words, the walls

of a room or obstructions on a floor will limit a

fuel release to a smaller area than the potential
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unconfined spill area. In almost all cases, a con-

fined fuel release will create a pool that has a

greater depth than the depth of an unconfined

spill. When fuel is released onto a surface, it

will spread laterally based on several factors,

including the initial momentum of the fluid, the

fluid surface tension, and the features of the

substrate onto which it spilled. Some substrate

features that need to be considered are porosity

of material and surface roughness. Porous

materials, such as sand or even some floor

coverings like carpet, can result in different

spill sizes and different fuel burning rates. Sur-

face structure can have similar effects, either by

impeding liquid spread due to roughness,

non-uniformity pooling, or by exaggerating liq-

uid spread via slopes.

In general, fuel spills can be characterized as

either continuously flowing or instantaneous

(static). These characterizations are considered

with respect to when the spill is ignited. In the

case of a continuously flowing spill, ignition has

occurred while the fuel is moving away from the

source. For a static spill, the fuel nominally

spreads to a maximum area and then is ignited,

such that the flame spreads across the fuel sur-

face. For a continuously flowing spill fire, the

flame may spread across the fuel surface initially,

but the flame front is ultimately controlled by the

spread of the fuel over the substrate until steady-

state burning conditions occur.

The area of a continuously flowing spill that is

not burning will continue to increase until a phys-

ical boundary is reached or the source of the

release is exhausted. A continuous spill that is

burning will have a steady-state spill size based

on a balance between the volumetric flow rate and

the volumetric burning rate of the fuel. This con-

cept is developed later in the section “Fire Size.”

For a confined pool, the area, A, is dictated by

the boundaries, and the pool depth, δ, can be sim-

ply calculated based on the volume, V, of liquid:

δ ¼ V

A
ð65:1Þ

For an unconfined spill, the area has typically

been determined via Equation 65.1 with an

estimate of the fuel depth. In the past, engineers

have conservatively estimated spill depths based

on the minimum depth required to support flame

spread (see “Fire Growth Rate” section). The use

of a minimum depth will result in the largest

possible spill area that can support a flame, there-

fore, the largest possible fire.

Literature results provide a basis for

estimating spill depths. Table 65.1 summarizes

spill depths for both noncombustible liquids and

combustible fuel spill fires on unconfined

surfaces. Although the table shows a range of

fluid depths, the data can be simplified when

considering only a range of typical hydrocarbon

fuels that are commonly associated with fire

scenarios, as discussed below.

The most recent work of Benfer [7] and Mealy

et al. [8], systematically evaluated spill depths

for a range of liquids and substrates. The average

spill depth for all liquid/substrate combinations

evaluated by Mealy et al. [8] was 0.72 mm,

which is consistent the previously cited data

and the general rule proposed in the last edition

of this handbook for estimating an unknown spill

fire scenario. However, it should be noted that the

range of spill depths measured by Mealy

et al. and Benfer was from 0.12 up to 2.9 mm

depending upon the specific liquid/substrate sce-

nario. This relatively wide range of empirical

depths demonstrates the importance of under-

standing key variables governing fluid spread

such that an appropriate spill depth is used

when performing an engineering analysis. The

primary two factors governing the spread of a

liquid and the spill depth are the surface tension

of the liquid and the surface characteristics of the

substrate.

Fundamental fluid dynamics and empirical

data have clearly established that spill depth is a

function of the surface tension of the liquid.

Figure 65.1 shows this relationship based on the

experimental results for a range of liquids. As

can be seen in Fig. 65.2, the surface tension of

different fuels from 10 �C to 50 �C ranges from

16 to 27 dyn/cm. Water based liquids will bound

most fuels of interest, as can be seen in Table 65.1

and Fig. 65.1. The surface tensions of water
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is 73 dyn/cm and AFFF has a value of approxi-

mately 15–16 dyn/cm at temperatures of

15–32 �C [9]. Figure 65.1 shows results for 3 %

aqueous film forming foam (3 % AFFF) concen-

trate and a 3 % fluoro-protein foam concentrate

(3 % FP) with surface tension of 17 and 27 dyn/

cm, respectively.

Given that the surface tension of most fuels is

relatively similar (i.e., 20–27 dyn/cm); this

parameter is generally not as influential when

Table 65.1 Summary of fixed-quantity, unconfined liquid spill data

Reference Fuel

Quantity of

fuel Spill depth Spill area Surface

Chambers [2] JP-4 4–189 L

(1–50 gal)

1.1–2.9 mm 3–65 m2 Concrete runway

Gottuk

et al. [3]

Water 3.8–30 L

(1–8 gal)

1.1–3.4 mm 1–11 m2 Smooth, unfinished concrete and

tile floor

Gottuk

et al. [3]

6 % AFFF 3.8–19 L

(1–5 gal)

0.6–1.1 mm Smooth, unfinished concrete

Gottuk

et al. [4]

JP-8 2–3 L

(0.5–0.8 gal)

0.7–1.1 mm 2.1–3.1 m2 Smooth concrete with

polyuethane coating

Purtorti

et al. [5]

Gasoline 0.25–1 L

(0.07–0.26 gal)

0.5–0.7 mm 0.4–1.8 m2 Wood parquet and vinyl tile

Modak [6] #2 fuel oil 0.005–0.030 L 0.22 mm 0.0075–0.04 m2 Both epoxy-coated concrete and

steel (spill depths were the same

for both surfaces and were

independent of the volume

of liquid spilled.)

Lubricating oil 0.34 mm

Motor oil 0.75 mm

Hydraulic oil 0.84 mm

Benfer [7] 3 % AFFF 0.2–450 mL 0.17–0.65 mm 0.01–1 m2 Smooth, unfinished concrete

6 % AFFF 0.22–0.67 mm

Water 0.95–2.9 mm

Gasoline 0.22–0.64 mm

Denatured

alcohol

0.12–0.77 mm

Mealy

et al. [8]

All 0.25–20 L

(0.07–5.2 gal)

0.72 + 0.34a 0.2–30 m2 Smooth, unfinished concrete/

smooth concrete with

polyurethane coating/brushed

concrete/plywood/oriented

strand board/vinyl tile

3 % AFFF 0.43 + 0.15a

3 % FP Foam 0.97 + 0.53a

Lubricating Oil 1.54 + 0.55a

Gasoline 0.71 + 0.15a

Kerosene 1.01 + 0.10a

Denatured

Alcohol

0.79 + 0.17a

Allb 0.66 + 0.18a Coated concrete

0.53 + 0.08a Smooth concrete (sample 1)

0.53 + 0.20a Smooth concrete (sample 2)

0.76 + 0.26a Brushed concrete

0.63 + 0.26a Vinyl flooring

1.02 + 0.41a Plywood

1.04 + 0.51a Oriented strand Board

aValues presented are average spill depths measured during multiple tests with one standard deviation
bAll fuels noted for Mealy et al. reference, excluding lube oil
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Fig. 65.1 Relationship between average spill depth and liquid surface tension [8]
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considering the characteristics of a fuel spill (i.e.,

average depth variation of 0.71–1.01 for fuels

excluding lube oil, which has a surface tension

above 27) (see Fig. 65.1). The more dominant

variable is the surface topography which can play

a larger role in the extent of spread and the spill

depth. The impact of substrate on spill depth is

shown in Table 65.1. The roughness and unifor-

mity of a substrate will dictate the speed and

extent to which a liquid spreads and, thus, the

equilibrium spill depth. For rougher,

non-uniform surfaces, deeper equilibrium spill

depths will be achieved due to the fuel being

unable to spread to its full potential. Deeper

spill depths result in longer burning durations

with higher peak mass burning rates (i.e., larger

fires). It is for this reason, from a spill dynamics

standpoint, that an understanding of the surface

on which a spill occurs is typically more impor-

tant than understanding the fuel that was spilled.

Although from an ideal fluid dynamics point

of view [8], there should be no dependence of

spill depth on spill quantity, empirical data as

well as transient spill models (Raj et al., 1974

and Grimaz et al., 2007) indicate that some

dependence exists. These inconsistencies are an

artifact of the variability in the surface

characteristics that are not accounted for in the

theoretical solution using ideal smooth, flat

surfaces. Figure 65.3 shows the spill areas per

unit volume and spill depths from spilling 0.5,

5.0, and 20 L of 3 % AFFF and 3 % FP on smooth

concrete [8]. The measured area per unit volume

for these scenarios consistently decreased with

increasing fuel spill quantity, which is indicative

of an increasing trend in spill depth. The JP-4

fuel spill data of Chambers [2] (Table 65.1)

shows a similar trend for spills on a concrete

runway, but with higher depths; the area per

volume of fuel spilled decreased from 0.88 to

0.34 m2/L for spills ranging from 4 to 190 L

with a corresponding increase in spill depth

from 1.1 to 2.9 mm. Due to limited experimental

data, this data by Chambers provides the best

estimate of upper limit fuel depths for large

quantity spills at a time of 120 s. Spill depths of

upwards of 3.4 mm were also noted for spills of

water up to 30 L (where water has a surface

tension of 73 dyn/cm compared to most fuels,

which are below 27).

Total spill area will also be dictated by time

until the liquid spread reaches the maximum

area. Various spread models can be used for

estimating this transient period; however, the

use of idealized substrates will impact the results

[8]. Based on the results from extended duration

spill tests [8] with liquids (3 % AFFF, 3 % FP and

gasoline) of 0.25–0.5 L spilled on smooth, imper-

meable surfaces (i.e., coated concrete and vinyl),

the spill area was at least 90 % of the maximum

spill area by 300 s. At 30 s, the spill area was

approximately 50 % of the maximum steady-

state area. This transient development period

can have an impact on the resulting fire size

Fig. 65.3 Comparison of area per unit volume (left) and spill depth (right) to various quantity spills of 3 % AFFF and

3 % FP on smooth concrete (surface tension of 17 and 27 (dynes/cm, respectively))
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based the time of ignition compared to the time

to reach the maximum spill area [8].

For similar test on coated concrete, vinyl, and

smooth concrete, lube oil exhibited a slightly

different trend then the other liquids, reaching

75–90 % of the total spill area in the initial

30-s. This larger fraction is attributed to the

high viscosity of the liquid relative to all other

liquids. The high viscosity of the lube oil inhibits

the spread of the liquid beyond the initial

spill area.

Spills on rough/absorbent surfaces or spills

involving fluids with high viscosities, generally

achieve a large fraction of their spill area poten-

tial soon after being spilled. The lack of fluid

spread after the initial spill can be attributed to

several different factors including; the physical

characteristics of the substrate impeding the

movement of the fluid, the absorbency of the

substrate removing liquid from the bulk flow of

fluid thus reducing the spill area potential, or the

internal forces within the liquid (i.e., viscosity)

inhibiting the spread of the spilled volume.

As can be noted in Table 65.1, there is quite a

bit of variability in spill depths for smaller

quantities of fluid. The larger variability of

depths for smaller spill quantities is attributed

to the greater dependency on multiple variables,

such as the initial spill height, surface features,

and fluid properties. An example of the

variability in spill depths is shown in Fig. 65.4,

which presents the 6 % AFFF solution and water

data of Fig. 65.1. For the water, depths varied for

releases at different heights and different

quantities. However, this effect was not observed

for releases of the 6%AFFF solution. Figure 65.4

also shows that similar water spills on vinyl tile

floor produced the same spill depths as released

on smooth concrete. Modak [6] reported that for

very small spills of various oils (see Table 65.1)

on steel and epoxy-coated concrete, the spill

areas (and depths) were the same for both sub-

strate materials. However, spill areas were

smaller for untreated concrete due to fuel absorp-

tion into the substrate surface. This is similar to

the trends observed by Mealy et al.

In summary, spill depths for liquids can vary

significantly based on a number of factors rang-

ing from the type of liquid and substrate, the

volume spilled, the time frame and other spill

parameters. However, as a general rule for com-

mon fuels, a spill depth of 0.7 mm can be used

with reasonable confidence. Based on the work

of Mealy et al. [8], the differences in calculated

mass burning rates resulting from the use of an

average spill depth of 0.7 mm as opposed to a

substrate specific mass burning rate value were

generally small and highly dependent upon the
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quantity of fuel spilled. The use of the 0.7 mm

spill depth approximation as opposed to a sub-

strate specific spill depth for spills greater than

1 L (0.26 gal), will provide baseline mass burn-

ing data that is accurate to within 10 %.

Based only on the few tests by Chambers [2]

for JP-4 fuel spilled on a concrete runway,

large quantities of fuel (~38 L (10 gal) and

more) may result in deeper spill depths of

upwards of 3 mm. This greater depth can be

used as a bounding value in a fuel spill fire

analysis when a longer lasting but smaller fire

is worth evaluating compared to using a depth of

0.7 mm. Equation 65.4 summarize the rule of

thumb for fuel depths, δ:

δ ¼ 0:7 mm for most fuels and conditions

ð65:2aÞ

δ ¼ 2:9 mm for quantities of 38 L 10 galð Þ where analysis warrants longer duration fires

ð65:2bÞ

If a more accurate estimate is needed, then

Table 65.1 and reference [4] should be used to

provide guidance.

It is also interesting to note that Chambers [2],

Gottuk et al. [3], and Putorti et al. [5] observed

increases in burning fuel spill areas after the liq-

uid spill was ignited. Fires increased the initial

fuel spill area by 22–89 % for fuel releases rang-

ing from 2 to 190 L. The practical implication of

this increase in spill area is that the fires may be

substantially larger than would be predicted per

the initial fuel spill areas. However, the larger

area would also result in much shorter burning

times before the fuel is consumed. Since the last

edition of this chapter, additional work by Mealy

et al. [8] showed that there was no measurable

increase in burn area compared to initial spill area

on non-combustible surfaces for spills up to 20 L.

Fire Growth Rate

The temperature of the spilled liquid relative to

its flashpoint is the single most important factor

in identifying the flame spread rate over the sur-

face of the liquid. The flame spread rate, in turn,

determines the heat release rate history of the

growing fire. Other factors also affect the flame

spread rate, including the depth of the spilled

liquid, size of the spill, type of liquid, and the

substrate.

Generally, hazard assessments involving

flammable, liquid pool fires require a conserva-

tive characterization of the fire growth rate his-

tory, peak burning rate, and fire duration. The

purpose of the hazard assessment often defines

that only a subset of these parameters are

required. Peak burning rate and maximum burn-

ing duration at the peak burning rate are typically

relevant to fire effects such as fire exposure to

building elements, ignition of other fuel targets,

or general environmental conditions that result

from the fire.

The characterization of the spill or pool fire

heat release rate history from ignition to peak

burning rate (full involvement of pool fuel sur-

face area) is important when dealing with time-

related concerns or events. Examples of time-

dependent concerns include egress or life safety

conditions, activation of detection or suppression

systems, spread of fire to other fuel packages, or

failure of building elements. Presuming that one

is interested in the pool fire heat release rate

growth history, this can be defined as the integra-

tion of the flame spread rate for the particular

geometry in question (e.g., circular for uncon-

fined pools, rectangular for trenches) multiplied

by the burning rate per unit surface area for the

given liquid. Estimating the flame spread rate

over the surface of the flammable/combustible

liquid spill becomes critical in characterizing

the fire growth history.
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Most ignitions of flammable liquid fuels result

in flame spread that can be characterized by one

of two major flame spread mechanisms for liquid

fuels: liquid phase-controlled flame spread or gas

phase-controlled flame spread. Flame spread

rates for these two regimes can be grossly

benchmarked: 1–12 cm/s for liquid phase-

controlled flame spread and 130–220 cm/s for

gas phase-controlled flame spread. A third

regime for flammable liquid spills on porous

surfaces can be defined where flame spread

rates are measured in terms of cm/min. For

some hazard analyses, identifying the appropri-

ate flame spread region may sufficiently charac-

terize the flame spread rate in a conservative

fashion. The primary driver of the flame spread

regime is the temperature of the spilled liquid

relative to its flashpoint.

Basic Theory of Flame Spread on Liquids

Flame spread on liquid fuels has been widely

studied in small-scale experiments and theoreti-

cal studies [11–29]. The flame spread rates are

known to be dependent on fuel temperature and

fuel flashpoint. Below the flashpoint temperature,

the flame spreads by way of surface tension-

induced flow of hot fuel ahead of the advancing

flame. Above the flashpoint, the flame spread is

by way of gas phase spread, which can be as rapid

as 2 m/s. The majority of liquid flame spread

studies have been limited to pure fuels, and most

of the studies have used alcohol fuels in trays less

than 10 cm wide. The majority of liquid flame

spread studies have been focused on pure fuels

with heavy emphasis on alcohol fuels in trays less

than 10 cm wide. This chapter includes empirical

data from nonpure hydrocarbon fuels [30] as well

as data from large-scale studies [8, 31].

Flame Spread Regimes Several flame spread

regimes have been identified in the literature.

These flame spread regimes are most notably a

function of the liquid temperature. The depen-

dence of flame spread rates on liquid temperature

has been studied by a number of investigators

[11–27]. The most extensive work has been done

with narrow pans of alcohol fuels with fuel

depths of 2–5 mm. These investigations indicate

that the flame spread velocity is a strong function

of fuel temperature, even when the fuel tempera-

ture is well below the flashpoint. Figure 65.5

shows the extensive work that Akita [14]

conducted using methanol in a 2.6-cm-wide

pan. Akita observed a number of different flame

spread regimes. Above the flashpoint, spread was

via the gas phase. Below the flashpoint, he
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observed regions of uniform, pulsating, and

pseudo-uniform spread. The mechanistic

explanations for these phenomena below the

flashpoint are not widely agreed upon. A more

detailed discussion of flame spread regimes and

their mechanisms can be found in the review

article by Ross [32].

Semilog plots of flame spread rate as a function

of liquid temperature have a characteristic shape

with three regions: the liquid-controlled region,

the gas phase–controlled region, and the asymp-

totic gas phase-controlled region. The slopes of the

curve are different in each of these regions, and

these differing slopes serve to define the regions.

The transition from liquid to gas phase–controlled

burning occurs at a temperature Tgo; the transition
from gas phase control to asymptotic gas phase

spread occurs at a temperature Tgm. Figure 65.6

graphically portrays these temperatures with

respect to flame spread rates. Figure 65.6 is

intended as a conceptual depiction and the omis-

sion of units on the axes is intentional.

Figure 65.6 is conceptually the same as a figure

first described by Glassman and Hansel [33]. In

their paper, they identified the temperature at

which gas phase-controlled flame spread begins

as the firepoint of the liquid; they also identified

the temperature at which the maximum flame

spread rate occurs as the stoichiometric tempera-

ture (the liquid temperature at which the vapor

concentration at the surface is stoichiometric).

While this interpretation is consistent with the

interpretation of data for multicomponent fuels,

in light of Glassman and Dryer [19], it is not

practical to define a firepoint temperature for a

multicomponent fuel. The difficulties are due to

the need to model evaporation of many high-

volatility components in a multicomponent fuel

during the open heating that is required in the

determination of a firepoint. Determination of

the firepoint of a multicomponent fuel would

require closed-cup heating of a fuel to a test

temperature, exposing the liquid surface, and

applying an ignition source. If the fire does not

continue, the test temperature is below the

firepoint. Additional temperature tests would be

required until the firepoint temperature is brack-

eted to the desired accuracy. This process is not

practical. Similarly, for a multicomponent fuel it

is not always practical to define the stoichiometric

temperature, since determination of the vapor

pressure of each component is, at the least,

tedious and often impossible. Thus, while

Glassman and Hansel’s definitions are not easily

generalized to multicomponent fuels, their pure

fuel concepts can still provide guidance and
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motivation for the interpretation of multicompo-

nent liquid fuel flame spread results.

Pool Dimensions The physical dimensions of a

liquid fuel spill or pool influence the flame

spread rate, assuming an ignition source is pres-

ent. The primary factors of importance are pool

depth and characteristic width of the pool, as

discussed below.

Pool dimensions, including fuel depth, have

no effect on the flame spread rate for situations

where the flame spread mechanism is considered

gas phase-controlled. However, the depth of a

flammable liquid does have a significant impact

on the flame spread rate for liquid phase-

controlled burning. In general, the average

flame spread velocity for liquid phase-controlled

spread increases with fuel depth, which is pri-

marily governed by whether the fuel release is

confined or unconfined.

Scientific study of liquid flame spread can be

traced back as far as the 1930s [11]. Most of the

early work was done on relatively small-scale

test setups, much using pans only 1–6 cm wide

with alcohol fuels at depths of 2–5 mm

[12–14]. Work by Mackinven, Hansel, and

Glassman [15] at Princeton is especially relevant

here because it involved extensive experiments

with decane, a pure fuel with similar

characteristics to aviation fuels and other

low-flashpoint multicomponent hydrocarbon

fuels that are common to fire hazard assessments.

The Princeton research documented the effects of

pan width and fuel thickness on observed flame

spread rates [15].

Several investigators have performed

experiments to characterize the impact of fuel

depth on liquid-controlled flame spread.

Mackinven et al. [15] demonstrated the system-

atic variation of flame spread rates with fuel

depth. They investigated decane fuel depths

from 1 mm to 2 cm and found the flame spread

rate to increase with fuel depth as shown in

Fig. 65.7. This increase can be attributed to the

retarding effect of small fuel depths on liquid

recirculation flows that cause flame spread.

Calculations by Torrance [16, 17] are in excel-

lent agreement with Mackinven et al.’s experi-

mental data shown in Fig. 65.7. These

calculations indicate that decane flame spread

rates increase with pool depth up to 3 cm, with

greater fuel depths beyond this no longer increas-

ing the flame spread rate. Of course, fuel depths

for unconfined fuel spills will always be far less

than 3 cm. Investigations by Mackinven

et al. [15] as well as Burgoyne and Roberts
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[12, 13] indicate that flames do not spread away

from the ignition source in liquid pools at or less

than 1.5 mm deep. More recent work by

Burelbach, Epstein, and Plys [34] demonstrated

that the limiting fuel thickness for flame spread

was 2.0 mm for decane and 2.3 mm for dodecane.

Minimum fuel depths for flame spread are for the

liquid-controlled spread regime. There is no evi-

dence for fuel depth or pan width effects on gas

phase flame spread [12, 14, 18, 20, 23, 25].

Mackinven et al. [15] found that for pan

widths up to 20 cm the flame spread rates on

decane are a strong function of pan width. At

pan widths from 20 to 80 cm, the maximum

width they studied, they observed only slight

increases in flame spread rate. Their results are

shown in Fig. 65.8. Both aluminum and glass pan

walls were used. The small differences between

these two wall materials may be attributed to heat

conduction effects; however, the major influence

at pan widths less than 20 cm is independent of

wall material and has been attributed to a

momentum reduction associated with viscous

drag on the walls. The relative independence of

pan width above 20 cm indicates that flame radi-

ation is not a pivotal mechanism in determining

liquid phase-controlled flame spread. The results

were confirmed by Mackinven et al. by shielding

the liquid ahead of the flame from flame radiation

during flame spread experiments (20- to 80-cm-

wide pans). They observed modest changes in

flame spread rates between the shielded and

unshielded experiments.

Temperature Effects The work of Burgoyne

and Roberts [12] showed that at small pan widths

the temperature dependence of the flame spread

rate is a function of the pan width as shown in

Fig. 65.9. Unfortunately, their work extends only

from 2.5 to 6.3 cm widths. The dependence on

pan width disappears above 41 �C, the flashpoint
of isopentanol. The work of Mackinven

et al. [15] using varying pan widths (see

Fig. 65.8) with decane 21 �C below the closed-

cup flashpoint (44 �C) as well as work by

Burgoyne and Roberts [12] indicates that pan

width ceases to have an impact on the tempera-

ture dependence of the flame spread rate at pan

widths greater than 20 cm.

Flame spread experiments above the

flashpoint indicate that flame spread is via the

gas phase. The flame spread rate increases rap-

idly from the flashpoint to the liquid temperature

at which a stoichiometric fuel-air mixture exists

above the liquid surface. Above this temperature,

the flame spread rate is no longer temperature
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dependent. The flame spread velocities measured

by Burgoyne and Roberts [12], Akita [14],

Nakakuki [20], and Hirano et al. [25] in this

temperature region are from 1.3 to 2.2 m/

s depending on the fuel. These velocities are

similar to flame spread rates measured in

stratified fuel-air mixtures found near ceilings

of mine tunnels [35–37].

The work of Burgoyne and Roberts also

indicates that the temperature dependence of the

flame spread rate is a function of the fuel depth

[12]. They investigated isopentanol at fuel depths

of 2–5 mm and their results, shown in Fig. 65.10,

indicate that variations in flame spread rate with

fuel temperature below the flashpoint (41 �C) are
lessened by increasing fuel depth.
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Empirical Data

An overview of the experimental results for

flame spread velocities follows, including alco-

hol fuels, multicomponent hydrocarbon fuels,

and blends of multicomponent hydrocarbon

fuels. Although the bulk of the data is for

laboratory-scale pools, there is limited data for

large-scale pools of hydrocarbon fuels as well as

some data for large-scale spills of jet fuel

(hydrocarbon).

White, Beyler, Fulper, and Leonard [30]

measured flame spread rates for aviation fuels,

mixtures of these multicomponent hydrocarbon

fuels, as well as 1-pentanol (alcohol). These

measurements were made over a range of fuel

temperatures in a pan 20 cm wide by 163 cm

long. The results for pure JP-5 and JP-8 are

shown in Figs. 65.11 and 65.12. The flame spread

rates range from 3 to 140 cm/s over a temperature

range of 10–90 �C. The solid symbols indicate

liquid-controlled flame spread and the open

symbols indicate gas phase flame spread. JP-5

is a high-flashpoint kerosene used by the

U.S. Navy that has a specified minimum

flashpoint of 60 �C [38]. JP-8 is a newer

U.S. Air Force fuel, very similar to commercial

Jet A-1, that is a kerosene with a lower specified

minimum flashpoint of 38 �C [39]. The flame

spread rates in the liquid-controlled regime for

JP-8 are 0.5–2 cm/s greater than for JP-5. At

temperatures approximately 12–20 �C above the

closed-cup flashpoint, flame spread rates increase

very rapidly to over 100 cm/s. The major differ-

ence in flame spread characteristics of JP-5 and

JP-8 is the temperature at which the flame spread

rate rapidly increases: 68 �C for JP-5 and 58 �C
for JP-8.

Figure 65.12 shows several data points where

the application of the ignition source was system-

atically varied from 3 to 460 s in the most sensi-

tive temperature region (the transition between

liquid-controlled and gas phase–controlled flame

spread). At higher and lower temperatures such

ignition delays have little or no effect on the

observed flame spread rate. Assuming that the

flame spread rate is a function of the liquid tem-

perature relative to the flashpoint temperature,

the results are consistent with an increase in the

flashpoint of approximately 10 �C during the

3–460 s between fuel discharge and ignition.

No systematic study of flashpoint variations

with time for multicomponent fuels appears else-

where in the literature.

The flame spread results for JP-5 and JP-8

indicate that the single most important determi-

nant of flame spread is the initial temperature of

the liquid prior to ignition relative to the fuel’s
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flashpoint. Hillstrom [18] also observed this cor-

relation and found that plotting the flame spread

rate as a function of the temperature difference

between the closed-cup flashpoint, Tfl, and the

liquid fuel temperature, Tl, correlated data for a

number of hydrocarbon fuels. Figure 65.13

shows flame spread rate data for pure JP-5, pure

JP-8, and mixtures of the two fuels plotted as a

function of DT(Tfl � Tl). In Fig. 65.13 square

symbols represent liquid-controlled flame spread

and the X symbols indicate gas phase flame

spread. The treatment of the data effectively

correlates all of the jet fuel data over a range of

DT from �50 �C to +50 �C. This representation
of the data clearly shows the importance of DT

(Tfl � Tl) in determining flame spread rate.
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Figure 65.13 also shows excellent consistency in

the transition from liquid-controlled flame spread

to gas phase spread at DT ¼ 18 �C.
Leonard et al. [31] performed large-scale

flame spread experiments as part of an effort to

evaluate the fire hazards of mixed jet fuels on

aircraft carrier flight decks. The experiments,

which evaluated pure JP-5, pure JP-8, and

mixtures of these two jet fuels, were carried out

in a large-scale pan 1.52 m in width by 12.2 m in

length. The Leonard et al. experiments are the

largest pool fire flame spread experiments

reported in the literature. The jet fuels were

evaluated over a range of temperatures by

introducing heated fuel into the large pan,

which was also temperature controlled by circu-

lation of water through chambers on the under-

side of the pan bottom. The results for JP-5 are

presented in Fig. 65.11. The results for JP-8 are

illustrated in Fig. 65.14.

The large-scale results can easily be compared

with small-scale results in both Figs. 65.11 and

65.14. This comparison yields identical qualita-

tive results. The flame spread rates for the large-

scale tests are notably higher for both the JP-5

and JP-8 liquid-controlled flame spread tests.

Data for the JP-8 tests indicate that the liquid-

controlled flame spread rate is 10–11.6 cm/s

whereas the JP-5 tests show 8.2–10 cm/s in this

regime. As with the small-scale tests, there is

approximately 1.5–1.8 cm/s difference between

the two jet fuels, with the JP-8 fuel slightly faster.

The transition to gas phase flame spread appears

to occur at a lower temperature for both fuels.

Similar gas phase flame spread velocities are

obtained between small- and large-scale tests.

The disparity between the small- and large-

scale tests for these two fuels cannot be attributed

to a single factor. It is speculated that the differ-

ence in flame spread behavior of the two experi-

mental data sets may be due, in part, to width

effects and flame radiation effects. Further work

is necessary to identify the specific mechanisms

responsible for this observed difference.

A recent set of experiments evaluating aircraft

hangar fire detection technologies [8] included

large-scale jet fuel spill fires. The work of Hill,

Scheffey, Walker, and Williams [8] evaluating

alternative fire protection methods for U.S. Air

Force aircraft hangars represents the largest spill

fires evaluated in the literature for flame spread.

A volume of 114 L (30 gal) of JP-8 was spilled

on a concrete pad. The main focus of this

research was fire suppression systems, and an

important aspect evaluated was the impact of

various suppression systems on the flame spread

rate after system activation. Experiments

measured the flame spread rate over the large
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spill area, which covered approximately 30 m2 at

the time of ignition, both before and after opera-

tion of the suppression system. The full free-burn

spill size was on the order of 37 m2 with time for

complete burnout at roughly 2 min. Measured

flame spread rates for the JP-8 spills prior to

suppression system activation have been

identified in Fig. 65.14. The temperature of the

JP-8 fuel was approximately 25 �C � 2 �C.
These flame spread rates fall close to the data

points from the small-scale tests. The Hill

et al. data points show a 1.5–3.5 cm/s increase

over the small-scale data for the liquid-controlled

flame spread results. The large-scale spill data

show higher flame spread rates in comparison to

the small-scale pool experiment data.

Although there are depth issues associated

with the comparison of pool experiments to

spill experiments, the trend appears to be that

larger-scale flame spread experiments yield

higher flame spread rates for the liquid-

controlled flame spread regime with a transition

to gas phase spread occurring at a lower temper-

ature than observed in the small-scale pool

experiments. While these differences may not

be fully explainable, it is important to note that

irrespective of the experiment scale, peak flame

spread rates for the liquid-controlled flame

spread regime are approximately 10 cm/s for

JP-5 and 12 cm/s for JP-8. Furthermore, although

the transition to gas phase spread seems to occur

at a lower temperature, the maximum gas phase

flame spread rates are maintained in the

120–200 cm/s range for both JP-5 and JP-8.

Support for using a maximum flame spread

velocity of 10 cm/s for liquid-controlled flame

spread over hydrocarbon fuels can be drawn

from Fig. 65.15, which shows a comparison of

the jet fuel data from White et al. [30] and other

hydrocarbon data from the literature. The results

of the jet fuels were consistent with those of

Hillstrom [18] and Mackinven et al., [15],

which show a very modest variation in flame

spread rate below the flashpoint temperature.

Figure 65.15 shows a comparison between the

jet fuel data of White et al., [30], the decane data

from Hillstrom [18], the diesel fuel data from

Hillstrom [18], and the decane data from

Mackinven et al. [15]. The decane results show

a rise in the flame spread rate at a smaller value

of DT than for the JP fuels. Also, below the

closed-cup flashpoint, the decane shows lower

flame spread rates. This variation may be due to

the effect of using a water substrate in the decane

tests rather than steel as used in the jet fuel work.

All the data in Fig. 65.15 were collected in

20-cm-wide pans.
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Empirical data for flame spread over alcohol

pools consist of small-scale test data. White

et al. [30] performed the largest experiments,

utilizing a 20-cm-wide pan evaluating

1-pentanol as part of their study. Results from

these 1-pentanol flame spread tests, illustrated in

Fig. 65.16, were performed to assess the effect of

fuel type on flame spread for an alcohol fuel that

had a similar flashpoint to the jet fuels primarily

under study in this specific piece of work.

Pentanol was chosen, in part, due to the previous

pentanol flame spread work performed by

Burgoyne and Roberts [12].

Liquid-controlled flows were observed at

temperatures less than 52 �C. The change from

liquid-controlled flame spread to gas phase flame

spread occurred at approximately 4 �C above the

closed-cup flashpoint. Figure 65.16 illustrates a

comparison of the 1-pentanol results from White

et al. [30] with the alcohol data from Burgoyne

and Roberts [12]. The 1-pentanol results take on

the same characteristic dependence on DT, with

the Burgoyne and Roberts data showing rapid

rise in the flame spread rate at somewhat lower

values of DT than the 1-pentanol data. The slope

difference between the Burgoyne and Roberts

data and the 1-pentanol data for the liquid-

controlled flame spread regime can be attributed

to the effect of pan width on the temperature

dependence of flame spread rate in this regime.

It is very interesting to note that in Fig. 65.16 the

data for alcohol flame spread are similar to the

hydrocarbon data with respect to the maximum

of 10 cm/s liquid-controlled for flame spread

rates with the gas phase flame spread rates falling

between 150 and 200 cm/s.

Table 65.2, reproduced from White et al. [30]

shows the closed-cup flashpoint, Tfl, the transi-

tion from liquid to gas phase-controlled burning,

Tgo, and the transition from gas phase control to

asymptotic gas phase spread, Tgm, for the small-

scale jet fuel data, the 1-pentanol data, and the

decane data from Hillstrom [18]. The difference

Tgo � Tfl averages 15 �C for the hydrocarbon

fuels. The difference Tgm � Tgo averages 6 �C
and the overall difference Tgm � Tfl averages

21 �C. These results may be expected to repre-

sent general properties for small hydrocarbon

pools but should not be used for alcohol fuels.

Glassman and Dryer [19] have pointed out

some discrepancies in the measurement of

flashpoints and firepoints of alcohols versus

hydrocarbons and the relevance of flashpoints

to the hazards of liquid fuels. Although each of

the standard flashpoint/firepoint testing methods

has its own difficulties, it is clear from the work
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of Glassman and Dryer that none of the standard

flashpoint testing methods correlate with the

onset of gas phase flame spread for all fuels.

Glassman and Dryer point out major differences

between alcohol and hydrocarbon flashpoints and

point to the large quenching diameter for these

two classes of fuels. Based on Glassman and

Dryer’s observations, transition to gas phase

flame spread would be expected at temperatures

near the closed-cup flashpoint for alcohol fuels,

as observed for the 1-pentanol test results.

However, there are differences in Tgo � Tfl
between jet fuels and decane. The more volatile

aviation fuels are characterized by Tgo � Tfl ~

18 �C while decane and JP-5 are characterized by

Tgo � Tfl ~ 12 �C. This 6 �C difference may be

due to the loss of light ends from the more vola-

tile hydrocarbon mixtures and is consistent with

the variations in flame spread rate with ignition

time delay represented in Fig. 65.12. White

et al. point out that it appears that the actual

flashpoint of the JP-8 may have increased by

approximately 6 �C during the discharge and

ignition delay period. While this deduction

seems reasonable, a more systematic study of

this issue is warranted. The important consider-

ation for hazard analyses is that multicomponent

hydrocarbon fuels can incur a reduction in effec-

tive flashpoint depending on the volatility of the

fuel and the time period between the fuel release

and ignition. The conservative approach would

be to assume instantaneous ignition of the

released fuel.

Fuel-soaked beds of porous media (e.g., small

beads of glass or metal) have been used in flame

spread experiments to simulate a fuel spill onto a

porous surface. Flame spread over porous media

generally occurs at rates on the order of 1–8 cm/

min, which is similar to measures of flame spread

over the surface of relatively thick solids. Takeno

and Hirano [40] have experimentally evaluated

several parameters important to characterizing

the flame spread rate over porous media soaked

with fuel. Figure 65.17 represents the results

from their study. Table 65.3 identifies the

conditions of each experiment portrayed in

Fig. 65.17.

These tests used a steel tray 3.5 cm wide and

60 cm long that was filled with either glass or

lead beads. Four observations can be made from

these data: (1) the flame spread velocity

increases slightly as the diameter of the beads,

d, increases and there appears to be little depen-

dence on the liquid viscocity (see Fig. 65.17,

conditions A, B, C) for 90 % by volume of

decane and 10 % hexane; (2) the flame spread

for pure decane is a function of the bead diame-

ter and the viscosity (conditions E, F, G, H) with

the flame spread velocity decreasing as

d increases for smaller values of d, reaching a

minimum flame spread rate at approximately

d ¼ 0.25 cm, from which point the flame spread

velocity increases with d, and fuel viscosity

effects are more pronounced with flame spread

rate decreasing as the viscosity of the fuel

increases; (3) for situations where the liquid

level is below the top surface of the bead bed

(conditions J, K), flame spread velocities are

reduced and depend little on bead diameter or

fuel viscosity; (4) when the glass beads are

replaced with lead beads (conditions D, I, L),

similar variations are observed as with the glass

beads; however, the flame spread rates are

reduced by approximately 10 %. In general,

Table 65.2 Critical temperatures (�C) for flame spread [30]

Fuel Tfl Tgo (Tgo � Tfl) Tgm (Tgm � Tgo) (Tgm � Tfl)

JP-8 39 57 18 62 5 23

25/75 JP-8/5 42 60 18 66 6 24

50/50 JP-8/5 48 65 17 72 7 24

75/25 JP-8/5 54 68 14 74 6 20

JP-5 63 76 13 79 3 16

Decane [5] 44 56 12 62 6 18

Average 1–6 — — 15 — 6 21

1-Pentanol 48 52 4 62 10 14
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the flame spread rates for pure decane ranged

from 2 to 6 cm/min whereas the mixtures of

90 % decane/10 % hexane spanned 7–8 cm/min.

Ishida [41] has also investigated fire growth

on fuel-soaked ground with a rectangular pan

using central ignition. The shallow square steel

tray measured 50 � 50 � 2 cm deep. The tray was

filled with glass beads. Radial flame spread rates

were measured for decane fuel over varying bead

diameters. Figure 65.18, which reproduces

Ishida’s results, demonstrates that the average

flame spread velocity decreases as the bead

diameter increases. It is also interesting to note

that the flame spread rate accelerates as the fire

size increases. The average flame spread rate

over the duration from a 2 cm flame diameter to

a 30 cm diameter ranges from 6 to 10 cm/min for

the bead diameters investigated.

Using Flame Spread Velocities
to Characterize the Rate of Involvement
of a Pool or Spill

Characterizing the fire growth rate history of a

fuel release fire is dependent on describing the

time-dependent history of the area involved with

fire. The flame spread rate must be placed in the

context of the fuel release geometry as well as the

location of the ignition point. Thus, the geometry

of the released fuel and the relative location of

the ignition source define the framework for

characterizing the area of involvement.

An example for a circular pool of fuel follows.

A circular pool with the ignition source in the

center yields the most rapid involvement of the

entire fuel release. Assuming that uniform spread

occurs, a circular fire will develop and the area of

the pool involved will be a function of the fire

radius:

Afire ¼ πr2 ð65:3Þ
where Afire is the area of the fire in m

2 and r is the
radius of the fire in m at any given time, t (s).

Assuming a constant flame spread velocity, the

radius of the burning area can be defined as

r ¼ vt ð65:4Þ

where v is the flame spread velocity in

m/s. Substituting Equation 65.4 into

Equation 65.3:

A ¼ πv2t2 ð65:5Þ
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In this manner, Equation 65.5 can be used to

identify the area of the spill involved at any time

subsequent to the ignition. Assuming that the

mass burning rate per unit area is at a constant

value _m
00 ¼ _m

00
max and does not change as a

function of time, a t2 fire develops. Of course

the time limit is defined when the fire involves

the maximum area of the spill and this limit can

be defined as follows:

tA,max ¼ rA,max

v
ð65:6Þ

where tA,max is the time the entire pool surface

becomes involved with fire, and rA,max is the

maximum radius of the fuel release.

A similar approach can be applied to a rectan-

gular trench. Assuming an ignition source at

one end of the trench, an alternative example

can be developed. The trench geometry area is

defined as

A ¼ wl ð65:7Þ
where w is the width of the trench in m and l is

the length of the trench involved with fire in

m. Assuming w is small compared to l and that

the ignition source at one end of the trench spans

the width of the trench and that the flame spread

rate is constant, the length of trench involved is

l ¼ vt ð65:8Þ

Table 65.3 Experimental conditions of fuel-soaked beds presented in Fig. 65.17

Combustible liquid Viscosity μ (cp) Material of beads Initial liquid level ys (cm) Symbol

A 90 % decane + 10 % hexane 0.846 (normal) Glass 0.0 ○

B 90 % decane + 10 % hexane 2.617 Glass 0.0 ●

C 90 % decane + 10 % hexane 4.552 Glass 0.0 ○

D 90 % decane + 10 % hexane 0.846 Lead 0.0 ◐
E Pure decane 0.846 Glass 0.0 △

F Pure decane 2.617 Glass 0.0 ~

G Pure decane 4.552 Glass 0.0 △

H Pure decane 6.872 Glass 0.0 △

I Pure decane 0.846 Lead 0.0 ~

J Pure decane 0.846 Glass –0.5 □

K Pure decane 4.552 Glass –0.5 ■

L Pure decane 0.846 Lead –0.5 ◨
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Substituting Equation 65.8 into Equation 65.7

yields the time-dependent area of the trench

involved:

A ¼ wvt ð65:9Þ
In this manner, Equation 65.9 can be used to

identify the area of the trench involved at any

time subsequent to the ignition at one end.

Assuming that the mass burning rate per unit

area is at a constant value _m
00 ¼ _m

00
max

� �
and

does not change as a function of time, a t1 fire

develops. Of course the time limit is defined

when the fire involves the maximum area of the

trench and this limit can be defined as follows:

tA,max ¼ lmax

v
ð65:10Þ

where lmax is the maximum length of the trench.

This type of approach can be used for other

fuel release configurations and ignition source

locations. The heat release rate is then the area

of the fuel release involved multiplied by the

burning rate per unit area as well as the heat of

combustion. This relationship is explained in

more detail in the following section.

Fire Size

The fire size is primarily characterized by the

heat release rate and the flame height. The heat

release rate, _Q, is calculated as

_Q ¼ _m � Δhc ð65:11Þ
where ṁ is the mass burning rate of the fuel and

Δhc is the fuel heat of combustion. The fuel mass

burning rate can be calculated via Equation 65.12

or 65.13 as follows:

_m ¼ A � _m00 ð65:12Þ
where A is the spill fire area and ṁ is the mass

burning rate per unit area (kg/m2s),

_m ¼ A � _y � ρ ð65:13Þ

where ẏ is the fuel burning regression rate (m/s)

and ρ is the density of the fuel. The regression

rate is the rate at which the fuel surface descends

in a vertical direction as it burns; values are often

reported in units of mm/min and therefore must

be converted to m/s for the above calculations.

Both, ṁ00 and ẏ are empirically based values that

are related per Equation 65.14:

_m00¼ _y � ρ ð65:14Þ
The literature has presented data for both

parameters and both are presented below. The

most commonly referenced database was devel-

oped by Blinov and Khudiakov [42] for pool fires

and presented by Hottel [43] as shown in

Fig. 65.19, which shows the regression rate and

flame height results for various fuels burning in a

broad range of pan sizes, 0.004–23 m in diame-

ter. The data indicate that the fuel regression rate

is approximately constant at 4 mm/min for all

fuels tested burning as confined pool fires with

diameters greater than 1 m. For smaller diameter

fires, there is considerable difference in regres-

sion rates for the fuels presented. Hottel [43]

discusses the trends in the burning rate data

based on the balance of heat transfer to the fuel.

For fire sizes greater than about 1 m in diame-

ter, the dominant mode of heat transfer to the

liquid is via radiation from the plume. For

smaller sizes, heat conduction from the pan

(walls) or the substrate and convective heat trans-

fer will constitute a larger fraction of the heat

transferred to the liquid, thus having a larger

effect on the burning rate of the fuel. Hottel

[43], Burgess, Strasser, and Grumer [44], and

Burgess, Grumer, and Wolfhard [45] present

detailed discussions on these heat-transfer

effects. At larger diameters (typically 1–2 m),

the burning fuel regression rate tends to level

out at a constant maximum value, ẏmax. For

these pools in the radiation dominant region,

Burgess et al. [44] with the U.S. Bureau of

Mines correlated the maximum regression rates

of various single-component burning fuels (pan

fires) based on the thermochemistry of the liquids

as follows:
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_ymax ¼ 1:27� 10�6 Δhc
Δhv, sen

m=sð Þ ð65:15Þ

where Δhc is the heat of combustion and Δhv,sen
is the sensible heat of vaporization, calculated as

Δhv, sen ¼ Δhv þ
ðTb

T0

C pdt ð65:16Þ

where

Δhv¼Heat of vaporization at the boiling point, Tb
Cp ¼ Specific heat of the liquid fuel

To ¼ Initial temperature of the liquid

The use of the sensible heat of vaporization

accounts for the temperature dependence of the

regression rate, which will vary appreciably

(up to tens of percent) from the value calculated

using only Δhv. As the correlation expressed by

Equation 65.15 suggests, the fuel regression rate

is not constant for all fuels at larger diameters as

indicated for the limited fuels in Fig. 65.19.

Based on a broad range of hydrocarbon pan

fires, Zabetakis and Burgess [46] fit Equa-

tion 65.15 to the data shown in Fig. 65.20. The

fit is quite good except for the cryogenic fuels,

liquefied natural gas and liquefied propane gas. It

is noted that the data apply to single-component

fuel fires burning in unvitiated air under calm

conditions (e.g., no wind).

Further work by the Bureau of Mines

researchers, Grumer et al., [48], suggested that

the regression rate for blended fuels can be

represented by the same correlation (Equa-

tion 65.15) when the heats of combustion and

vaporization are presented as shown in Equa-

tion 65.17 for each component of the fuel.

_ymax ¼ 1:27� 10�6

X
N
i¼1niΔhqX

N
i¼1niΔhvi þ

X
N
i¼1mi

ðTb

T0

C p Tð Þdt

2
6664

3
7775 ð65:17Þ
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where ni and mi are the mole fraction composi-

tion in the vapor and liquid phases, respectively.

A blended fuel with components of widely

varying volatility will not burn at a uniform

rate. Initially, the high volatile components will

burn, and as time proceeds the burning will

become more characteristic of the remaining

lower volatile components. For blends such as

gasoline that have components with similar

heats of combustion and heats of vaporization

and ni � mi Equation 65.17 can be represented

by

_ymax ¼ n1 _y1 þ n2 _y2 þ . . . ð65:18Þ
Equation 65.18 has been reported to yield

good estimates of the regression rate for multi-

component fuel blends [48]. Even for blends with

widely varying boiling points, Equation 65.18

provides rough estimates except for the initial

and final stages of the fire.

Converting the regression rate data of

Fig. 65.20 via Equation 65.14 allows the

corresponding maximum mass burning rate per

unit area, ṁmax

00
, to be plotted against the ratio of

the heat of combustion to the heat of vaporization

(Fig. 65.21). The fit to the data is represented by

_m
00
max ¼ 1� 10�3 Δhc

Δhv, sec
¼ kg=m2s ð65:19Þ

The fit of Equation 65.19 to the burning rate data is

not as good as Equation 65.15 to the regression rate

data. However, Equation 65.19 does cover a wider

range of fuels, including the liquefied gases.

The regression rate is particularly useful for

confined pool fires of significant depth. For many

spills, particularly continuously flowing fuels,

the more useful quantity is the mass burning

rate per unit area. As noted in the previous dis-

cussion, the burning rate of pool fires with

diameters greater than 0.2 m (see Fig. 65.19)

increases with increasing diameter. Zabetakis

and Burgess [46] developed the following rela-

tionship to represent the burning rate per unit

area as a function of pool diameter, D:

_m00 ¼ _m
00
max 1� exp �kβDð Þ½ � ð65:20Þ
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where the product kβ is represented as a single

value. k is the extinction coefficient (m�1) and ®
is the mean-beam-length correction. The maxi-

mum steady-state burning rate per unit area,

ṁmax

00
, is also referred to in the literature by

Babrauskas [49] as _m
00
1, the mass burning rate

for an infinite-diameter pool. If a confined pool is

not circular, D is equal to the effective diameter,

expressed as

D ¼ 4A

π

� �1=2

ð65:21Þ

where A is the area of the pool.

Other than the data presented in Fig. 65.21,

the most comprehensive collection of burning

rate data has been compiled by Babrauskas [49]

and is presented in Table 26.13 in Chap. 26,

“Heat Release Rates.” The correlation presented

by Equation 65.20 agrees extremely well with

the experimental data of some fuels, such as

gasoline. The greatest disagreement occurs for

alcohol fuels for which Babrauskas proposes a

set of constant values for different diameter

ranges (see Chap. 26) [50]. Due to difficulties

in experimentally evaluating the cryogenic

fuels, there tends to be more scatter in the data,

and thus not as good a correlation with Equa-

tion 65.20 as seen for other hydrocarbon fuels.

The use of Equation 65.20 applies to confined

pool fires burning in the open, under still-air

conditions and in a vessel (e.g., pan or tank)

without an excessive lip height [49]. The burning

rate correlations presented have been developed

from confined pool fire experiments. There gen-

erally has been limited data available for burning

rates of unconfined fuel spill fires.

Gottuk et al. [4] conducted a series of JP-8 and

JP-5 fuel spill fires on a smooth polyurethane-

coated concrete slab, as used in Navy aircraft

hangars. The spill fires consisted of both contin-

uously flowing fuel releases (~0.4, 0.8, and 1.7 L/

min) and 1–3 L of fixed quantities of fuel that

were poured onto the concrete, allowed to spread
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to nearly a maximum size, and then ignited at the

edge of the spill. The burning rate per unit area

data for the unconfined spill fires are presented in

Figs. 65.22 and 65.23 for both JP-8 and JP-5,

respectively. Figures 65.22 and 65.23 show the

experimentally measured ṁ00 for each test versus

the measured diameter of the spill fires. Also

included for comparison are the curves for burn-

ing rate for pool fires as calculated per Equa-

tion 65.20, using the data of Table 26.13. A

curve for JP-8 does not appear in Fig. 65.22,

due to a lack of experimental pool fire data.

However, it is expected, based on fuel property

data, that the burning rate curve for JP-8 is

bounded by the curves for JP-4 and JP-5.

Putorti et al. [5] investigated gasoline spill

fires on parquet and vinyl flooring substrates

and various carpets. These fires consisted of

fixed quantity (0.25–1.0 L) spills that were

ignited approximately 60 s after release. Consis-

tent with the results for the JP-8 and JP-5 spill fire

data noted above [4], the burning rates for gaso-

line on the nonabsorbing materials were found to

be one-fifth that of the maximum rate for pool

fires (i.e., ~80 % reduction). Based on these

limited fuel spill fire data, the previous edition

of this chapter suggested that burning rates for

unconfined liquid fuel spills be estimated as

one-fifth of the maximum pool burning rate. At

the time, the actual mechanism for this large

difference was not known, but had been

hypothesized to be primarily due to differences

in heat transfer between the fuel and substrate for

spills compared to deeper pools. Since the last

edition of this chapter, work has shown this

hypothesis to be incorrect [8].

A more recent test program conducted by

Mealy, Benfer and Gottuk [8] has provided addi-

tional insight regarding the burning dynamics of

unconfined fuel spills compared to pool fires. A

series of tests evaluated the burning dynamics of

multiple fuels (gasoline, kerosene, denatured

alcohol), at various depths (0.5–20 mm), on mul-

tiple substrates (concrete, wood, vinyl, steel,

water). Several different fuel supply scenarios

were also considered: fixed quantity pool fires,

continuously flowing spill fires, and fixed quan-

tity spill fires. Based upon the testing conducted,

the burning rate of a liquid fuel spill/pool fire was

determined to be primarily dependent upon sev-

eral factors, including, fuel depth, fuel supply

duration and substrate.

Fuel depth was identified as a factor because it

is directly related to the fuel supply duration for

fixed quantity/fixed area fires (i.e., a pool fire).

For these scenarios, a depth of 5 mm represents

the minimum depth for which a peak, steady-

state mass burning rate comparable to the
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diameter dependent maximum mass burning rate

(see Equation 65.20) has sufficient time to be

achieved. This was true for steel, water, concrete,

and vinyl substrates. At depths less than 5 mm,

the peak burning rates were consistently less than

the diameter dependent maximum burning rate.

This reduction in peak burning rate (also presented

as heat release rate per unit area, HRRPUA, of fuel

surface) can be seen in Fig. 65.24, which shows

burning rates for six pan fires of gasoline with

increasing fuel depths from 1 to 18 mm. As can

be seen, until the depth reached 5 mm, the fire did

not burn long enough to achieve the steady-state

peak burning rate as achieved at the 18 mm depth,

which burned for over 6 min. At the shallower

depths approaching unconfined spill fires

(~1 mm), the fires burned for less than a minute,

which is typical for a spill fire.

The reduction in mass burning rate associated

with a 1 mm fuel depth was on the order of

70–80 %, equivalent to the trends observed by

the previous studies [4, 5] noted above. The

results of spill fire tests are summarized in

Table 65.4. Based upon the data collected,

correlations were developed for both gasoline

and kerosene that can be used to predict the

reduction in peak mass burning rate as a function

of fuel depth and fuel area:

Cδ ¼ 0:95* 1� e�0:71δ
� �

for gasoline

ð65:22aÞ

Cδ ¼ 0:91* 1� e�0:58δ
� �

for kerosene

ð65:22bÞ
where Cδ is the depth coefficient and δ is the

calculated fuel depth (mm). However, to date,

depth coefficient correlations have only been

developed for gasoline and kerosene fuels. If

depth coefficients for other fuels are required it

is recommended that either Eq. 22a or 22b be

used based on similar properties or an average

coefficient of 0.69 be used for spill depths

	5 mm and a coefficient of 1.0 be used for spill

depths >5 mm.

The product of these depth correlations with

the diameter dependent mass burning rate corre-

lation (Equation 65.22) provides a more accurate

prediction of mass burning rates for thin fuel

layer fire scenarios:

_m00 D; δð Þ ¼ Cδ* _m00
1 1� e�kβD
� �� � ð65:23Þ

Although the 5 mm depth criterion is appropriate

for all fixed quantity scenarios, the same is not

true for continuously-fed fire scenarios. For

continuous-fed spills, Mealy et al. maintained
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fuel depths on the order of 1 mm while still

achieving peak mass burning rates that were com-

parable to the diameter dependent maximum

mass burning rates. These results further demon-

strate that it is not the depth of fuel that impacts

the peak mass burning rate, but that it is the

duration of fuel supply. If the fuel supply is suffi-

cient to allow enough time to reach a steady-state,

than the maximum mass burning rate is

achievable. In addition to the impact of fuel sup-

ply duration on the burning rate of combustible

fuels, specifically kerosene and diesel, the ignit-

ability and flame spread potential of the fuel at

thin depths is very small, making the fuel very

challenging to ignite and burn in a thin depth spill

scenario without a large external heat exposure.

An additional parameter identified as having

an impact on the mass burning rate of a fuel was
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Table 65.4 Peak burning rates for unconfined fuel spill fires

Description Peak mass burning rate per area (kg/m2s) Standard deviation Reference

JP-8

1–3 L spills 0.007a 0.0014 Gottuk et al. [4]

0.4–1.7 L/min spills 0.010a 0.0009 Gottuk et al. [4]

JP-5

0.4–1.7 L/min spills 0.010a 0.0008 Gottuk et al. [4]

Gasoline 0.011 � Putorti et al. [5]

Gasoline 0.016b � Mealy et al. [8]

Kerosene 0.010c � Mealy et al. [8]

Denatured alcohol 0.014d Mealy et al. [8]

aRepresents average for fires with diameters greater than 1.5 m burning for a maximum of 3 min
bRepresents average for fires with diameters between 0.75 and 1.45 m
cRepresents average for fires with diameters less than 0.75 m
dRepresents average for fires with diameters less than 0.6–3.0 m
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the substrate on which the fuel is burning. How-

ever, the influence of the substrate was only

found to be significant for fuel depths less than

5 mm. The data collected by Mealy et al. [8]

showed differences in the mass burning rates of

1 mm depth liquid fuels burning on surfaces with

differing thermal properties (Fig. 65.25). The

rank order of the mass burning rates for each

fire size were consistent with the highest burning

rates occurring on vinyl flooring and the lowest

on concrete. For the scenarios evaluated, no spe-

cific thermal property of the substrates (i.e., ther-

mal conductivity, thermal inertia, thermal

effusivity, and thermal diffusivity) could be

directly correlated to the rank order of burning

rates. In general, less thermally conductive

materials (i.e., vinyl and water) produced mass

burning rates higher than those achieved in tests

with more thermally conductive substrates (i.e.,

steel and concrete). However, the ranking of

mass burning rates with respect to the thermal

conductivity of the substrates was not appropri-

ate when evaluating the case of the concrete and

steel. In this case, the mass burning rates

measured on the concrete were consistently

lower than those measured on the steel despite

the fact that the thermal conductivity of steel is

an order of magnitude larger than that of con-

crete. This discrepancy may be attributed to the

reflectivity of the steel and the resulting

re-radiation from the steel substrate to the fuel

layer. This reflected heat would then be trans-

ferred into the fuel layer thus raising the mass

burning rate of the fuel.

Empirical data has also shown that a delay in

ignition time of a fixed quantity fuel spill can

have a significant effect on the peak fire size

obtained. Changing the ignition delay (i.e., the

time between the spill and the ignition of the

fuel) from 30 to 300 s produced an average

reduction in fire size (burning rate) of approxi-

mately 50 % for 0.5 and 1 L gasoline and dena-

tured alcohol spill fires [8]. The primary impact

of longer ignition delay times is the result of

shallower fuel depths due to a combination of

larger spill areas and prolonged periods of evap-

oration. Given that most fuel spill fires nominally

burn out in less than 1–2 min, longer ignition

Equivalent Fire Diameter (m)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5

M
as

s 
B
ur

ni
ng

 R
at

e 
pe

r 
U

ni
t 

A
re

a 
(g

/s
-m

2 )

0

5

10

15

20

25

30

35

40

45

50

55

Vinyl Flooring [0.19 W/m-K]
Water [0.58 W/m-K]
Concrete [1.41 W/m-K]
Steel [35.0 W/m-K]

m"D = 45*(1-e−2.1D)

Fig. 65.25 Comparison of peak mass burning rates per unit area for 1 mm (0.04 in.) gasoline fires on substrates with

various thermal conductivities (shown in brackets) [8]

2579 D.T. Gottuk and D.A. White



delay times can lead to both lower peak heat

release rates and shorter duration fire exposures

that are quite fast events.

Based on Equations 65.11 and 65.12, the heat

release rate of an unconfined spill or confined

pool fire can be calculated per Equation 65.24

once the area of the fire is determined and an

appropriate mass burning rate per area is

identified.

_Q ¼ _m00 � A � Δhc ð65:24Þ

However, in the case of an unconfined, continu-

ously flowing spill fire, the area is neither known

a priori nor can it be calculated per any fuel depth

correlations as with a fixed quantity spill. As fuel

flows from a continuous source, the size of the

resulting spill will continue to increase indefi-

nitely until a physical boundary is reached or

the fuel is ignited and burns. The transient nature

of a continuous spill fire is very dependent on the

timing of the fuel ignition and the flame spread

rate relative to the fuel flow rate and size of the

spill at the time of ignition. For example, if a

continuously flowing spill is immediately ignited

at the source, the fire size will be equal to the spill

size if the flame spread rate is faster than the fuel

spill spread rate. However, if the fuel spill spread

rate is faster than the flame spread rate, the spill

will continue to spread out ahead of the flame

front.

As discussed below, a continuously flowing

spill fire will reach a steady-state burning size,

characterized by the equivalent steady-state

diameter, Dss. It is possible for a fuel spill to

reach a diameter that is larger than Dss before it

is ignited. In this case, the flame will spread

across the fuel surface to the larger diameter

and then the spill fire will reduce in size until

Dss is reached. These examples are only several

of multiple scenarios that can occur. Currently,

complete and accurate models of burning fuel

spills do not exist. In order to estimate the tran-

sient nature of a continuous fuel spill fire, the

engineer must consider the fuel spill rate, the

relative time of ignition, and the steady-state

burning spill area.

The steady-state burning spill area, Ass, results

due to a balance between the volumetric flow rate

of the liquid release, _VL (m
3/s), and the volumet-

ric burning rate of the fire as described by

_VL ¼ Ass � _y ¼ πDss
2

4
_y ð65:25aÞ

or, alternatively in terms of the mass burning rate

as

_VL ¼ Ass
_m00

ρ
¼ πDss

2 _m
00

4ρ
ð65:25bÞ

The steady-state size of the spill can be explicitly

solved by rearranging Equations 65.25a and

65.25b in terms of Dss (m):

Dss ¼ 4 _VL

π _y

� �1=2

ð65:26aÞ

Dss ¼ 4 _VLρ
π � _m00

� �1=2

ð65:26bÞ

The calculation of the spill size per Equation

65.26 assumes that all fuel is burned from the

spill; that is, there are no other losses of fuel from

the spill, such as into a porous substrate. As noted

by the examples above, Dss does not necessarily

correspond to the maximum fire size but equals

the size of the fire once the burning rate becomes

constant and equilibrium conditions are reached.

Empirical correlations can also be used to

calculate the equivalent diameter of a continuous

spill fire. Mansfield and Linley [51] developed a

correlation for the burning spill diameter as a

function of fuel flow rate for large release rate

fires on concrete. The following correlation was

developed for 568–2271 L/min (150–600 gpm)

continuous spill fires of JP-5 ranging in size from

15 to 24 m in diameter:

Dss ¼ 134 _VL

� �1=2
: Dss mð Þ and _VL m

3=5
� �

ð65:27aÞ

Dss ¼ 3:5 _VL

� �1=2
: Dss ftð Þ and _VL g pmð Þ ð65:27bÞ

where 1 m3/s ¼ 15,850 gpm.

The tests of Mansfield and Linley [51] were

conducted outside with 2.2–12.5 m/s (5–28 mph)
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winds and ambient temperatures ranging from

7 �C to 32 �C. Using Equation 65.25b with the

diameter and spill rate data of Mansfield and

Linley [51], the mass burning rate per unit area of

the large JP-5 continuous spill fires is calculated to

be in the range of 0.055 kg/m2s, which agrees with

the pool fire burning rate data reported by

Babrauskas [50] in Table 26.21 of this handbook.

As noted above, despite typical spill depths of

about 1 mm and less, continuous flowing spill

fires will reach the peak (steady-state) mass burn-

ing rate if allowed to burn long enough.

In order to assess the thermal threat associated

with a fuel spill/pool fire scenario, the peak fire

size must be coupled with exposure duration.

Estimating exposure duration can be accom-

plished using one of two techniques. The first

technique assumes that the peak fire size is

reached instantly and is maintained so long as

fuel is present. Using this technique, the burning

duration for a given fire scenario can be calcu-

lated using Equation 65.28.

tb ¼ 4m

πD2 _m
00
1

ð65:28Þ

where tb is the burning duration for a given

scenario (s), m is the mass of fuel available to

burn (kg [lbs.]), D is the effective spill diameter

(m [ft]), and _m
00
1 is the peak mass burning rate per

unit area for the given fuel (g/s-m2 [lbs./s-ft2]).

Traditionally, many have assumed that the peak

heat release rate of a liquid fuel fire is reached

instantaneously and maintained for the duration

of the fire as calculated via Equation 65.28. Con-

sequently, the exposure times associated with

this assumption are most likely underestimated

as shown in Fig. 65.26 as the “predicted” curve.

In general, this approach tends to over-predict

the peak thermal exposure resulting from a fuel

spill/pool scenario.

The second technique that can be used to

approximate the transient behavior of a fire

resulting from the ignition of a liquid fuel spill/

pool is to characterize the development, peak,

and decay of the fire. This is accomplished by

approximating the spread velocity on the hydro-

carbon pool surface from the point of ignition,

the time to develop maximum burning

conditions, and the time to consume all fuel at a
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given location. Mealy et al. provide a methodol-

ogy for estimating the fire growth and decay [8].

For liquid pool fires (depths 
0.5 mm),

although the entire fuel surface may be fully

involved, the burning rate per area

(or regression rate) will increase over time until

the maximum steady-state value is reached

[46]. The transient time period may be tens of

seconds to minutes, depending on the type of

fuel, the fuel depth, and the bounding materials

(e.g., building walls or metal tank). During this

transient period, the temperature gradient in the

fuel is being established. Once the fuel surface

reaches the boiling temperature, the burning rate

approaches the steady-state value. If a transient

analysis of a fire is required, further consider-

ation must be given to the mass burning rate

(or regression rate) that is selected. The use of

the maximum value may not be appropriate for

the entire burning duration.

Other Factors and Limitations

The spill areas and burning rates of liquid spill or

pool fires presented in this chapter have been

developed from experimental data of fires on

level surfaces. In many applications, fuel spills

will occur on inclined and/or cluttered surfaces.

Under these conditions, fuel spread will ulti-

mately be dependent on the geometry of the

surface, which may lead to pooling of the fuel,

channeling, and/or larger wetted areas than

would occur on a level surface. Fuel flowing on

an inclined surface can result in faster and wider

spread of fire. No published studies have

evaluated the impact of three-dimensional fuel

flow on spill fire burning rates.

This chapter has primarily addressed the burn-

ing of liquid fuel fires that occur in the open.

Liquid fuel fires in enclosures were studied by

Mealy et al. [52] and showed that spill fire

scenarios are unaffected by the enclosure

(assuming sufficient air supply) since the dura-

tion of a spill fire is quite short. However, pool

fires in an enclosure have been shown to have

enhanced burning (~60 %) relative to open burn-

ing when a radiating upper layer is created in the

compartment fire [52]. This increase can be

moderated by restricted ventilation to the com-

partment, which can decrease the mass burning

rate of a pool fire.

Babrauskas [49] and Zabetakis and Burgess

[46] have reported that burning rates of pool and

spill fires both increase and decrease under

increased wind speeds. Burgess and Hertzberg

[53] reported that wind speeds increased the

burning rate for small-diameter fires; however,

burning rates never exceeded the maximum

burning rate in still air corresponding to larger

diameter fires. High wind speeds can cause fuel

to spill out of contained areas or cause uncon-

fined spill fires to move in the direction of the

wind. At higher wind speeds, flames can also be

blown off.

For pool fires in pans or tanks, the lip height

can impact the burning rate of the fuel. There is

limited data on this topic and experimental results

show both an increase and decrease in the burning

rate with larger lip heights [49]. Much of the

experimental data have been for small pan

diameters (<1 m) (e.g., Emmons [54]).

Flame Height

The flame height of a liquid spill or pool fire can

be calculated based on a number of experimental

correlations [55]. The following correlation

developed by Heskestad [55] has been shown to

be quite robust for different fuels over a wide

range of pool fire sizes:

L f ¼ 0:23 _Q
2=5 � 1:02D ð65:29Þ

where

Lf ¼ The 50 percentile intermittent flame

height (m)
_QZ ¼ The heat release rate (kW)

D ¼ The diameter of the fire (m)

The use of Equation 65.29 to characterize

unconfined spill fire heights was evaluated by

Gottuk [4] for JP-8 and JP-5 spill fires on con-

crete. The results of the comparison are shown in

Figs. 65.27 and 65.28, which present measured

intermittent flame heights (50 percentile) and
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predicted flame height values plotted versus the

spill diameter. For comparison, the predicted

flame heights of pool fires are also plotted as a

curve in each figure. The predicted pool fire

heights are based on Equation 65.29 and pool

burning rate data of Table 26.13. Consistent

with the difference in the mass burning rates

between spill and pool fires, the spill flame

heights are considerably shorter than those for

pool fires of the same diameter. Using the

Heskestad flame height correlation (Equa-

tion 65.29) with the spill fire data yields

predicted heights that are approximately 17 %

lower compared to the measured spill fire flame

heights. For most engineering applications, the

Heskestad flame height correlation (Equa-

tion 65.29) provides satisfactory predictions for

both liquid pool and spill fires.
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Fire Hazard Analysis Framework

When conducting fire hazard analyses, fuel type

and spill/pool configuration parameters are often

user selected and/or varied to assess a wide range

of fire scenarios. In this case, the user would

identify the fuels of interest and obtain the rele-

vant fire property data. Four different scenarios

are identified for fire hazard analyses based upon

the identification of confined and unconfined

spill scenarios and fixed quantity and

continuously-fed fuel supplies. These four paths

generally encompass the vast majority of poten-

tial liquid fuel scenarios and require different

analytical approaches to understand the resulting

fire threat. The approach presented will lead to

the calculation of the largest possible fire size. It

is important to note that in some analyses, a

smaller fire size that lasts longer may actually

be a worst-case of more challenging fire hazard.

The discussion above can be used to assess such

scenarios (Fig. 65.29).

The first spill/pool scenario considered was a

fixed quantity of fuel in a confined area. For the

purposes of this discussion, it is assumed that the

quantity of fuel is such that it covers the entire

area of confinement otherwise it is considered as

a fixed quantity, unconfined scenario. Based

upon this assumption, an equilibrium spill depth

can be calculated using the known volume of

Fig. 65.29 Analytical framework for characterizing fuel spill/pool fire scenarios from a fire hazard viewpoint
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liquid spilled and the area of confinement as

shown in Equation 65.1.

δ ¼ Vo

Ao
ð65:1Þ

where δ is the fuel depth (mm [ft]), Vo is the

volume of liquid (L [gal.]), and the Ao is the area

of confinement (m2 [ft2]).

The second scenario considered is a fixed

quantity spill that is unconfined. In this scenario,

the bulk flow of the liquid as well as the length of

time between the spill and the ignition of the

liquid dictates the area covered as opposed to

bounding obstacles inhibiting the flow. For a

specific spill scenario in which the substrate

and/or ignition delay times are known, more

representative spill depths can be approximated

using the data provided in Table 65.1 (and

Table 7.1 of Ref. [4]). Otherwise Equation 65.2

recommended for guidance:

δ ¼ 0:7 mm for most fuels and conditions

ð65:2aÞ

δ ¼ 2:9 mm for quantities of 38 L 10 galð Þ
where analysis warrants longer duration fires

ð65:2bÞ
Once an appropriate spill depth has been deter-

mined, the area of coverage for a given quantity

spill can be calculated using Equation 65.1. Simi-

larly, if the area of coverage is known and a fuel

depth is assumed, one can approximate the quan-

tity of liquid spilled using Equation 65.1.

The next scenario considered is a

continuously-fed, fixed area (i.e., confined) fuel

supply. In this scenario, it is assumed that the fuel

supply rate is equal to or greater than the mass

burning rate, such that a fixed area of some depth

is maintained for an extended period of time. It is

also assumed that the fuel does not overflow the

confined area. In this scenario, the area is known

and the depth of fuel is not important given that

fuel is continuously supplied, and thus burn-out

does not occur (i.e., steady-state burning is

allowed to develop).

The final scenario identified is a continuously-

fed, unconfined spill scenario. For this scenario,

it necessary to identify the time of ignition given

that this time will dictate the initial spill area. To

address this parameter, two paths are possible.

The first path assumes ignition immediately upon

release of the liquid. Once ignited, the burning

area of fuel will grow in size until an equilibrium

spill area is achieved, which will occur when the

fuel burning rate equals the fuel supply rate.

Equation 65.32 represents the balance between

these rates (based on Equation 65.25).

Ass ¼ ρ _VL

_m
00 ð65:30Þ

where Ass is the equilibrium spill fire burning

area (m2 [ft2]), _VL is the volumetric fuel supply

rate (m3/s [ft3/s]), ρ is the fuel density (kg/m3

[lbs./ft3]), and _m
0
is the mass burning rate per

unit area (kg/s-m2 [lbs./s-ft2]). Once this

equilibrium solution is obtained, the maximum

area of the spill is known, and the depth of

fuel is not important given that fuel is continu-

ously supplied and burning will reach a steady-

state.

The other path identified for the continuously-

fed, unconfined scenario is a delayed ignition

(i.e., liquid is permitted to spill and spread for

some period of time prior to ignition). As shown

in Equation 65.31, in this scenario, the area of

coverage of the spilled liquid prior to ignition can

be determined based upon the product of the

volumetric flow rate, _VL, the ignition delay

time, and an assumed spill depth.

At ¼
_VLt

δ
ð65:31Þ

where At is the spill area (m2 [ft2]) at a given

point in time, _VL is the volumetric fuel supply

rate (kg/s [lbs/s]), t, is the time in seconds after

the spill occurs prior to ignition, and δ is the

calculated fuel depth (m [ft]). Using a spill

depth from Table 65.1 or the average spill

depth of 0.72 mm, an initial spill area can be

approximated by Equation 65.33. Once ignited,
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the initial spill area will grow or regress to the

equilibrium spill area, as calculated for the

immediate ignition scenario with Equation 65.32.

Consequently, the initial area calculated may

provide the maximum fire size, but it will only

last for a brief period of time as the fire regresses

to the equilibrium area.

Once the spill areas and corresponding spill

depths have been calculated, it is necessary in

some spill scenarios to calculate the depth coef-

ficient, a parameter developed to modify the

maximum fuel burning rate based on small

depths causing early burn out before steady-

state burning can be achieved. The correlations

developed for gasoline and kerosene are

provided in Equations 65.22a and 65.22b.

Cδ ¼ 0:95* 1� e�0:71δ
� �

for gasoline

ð65:22aÞ

Cδ ¼ 0:91* 1� e�0:58δ
� �

for kerosene

ð65:22bÞ
where Cδ is the depth coefficient and δ is the

calculated fuel depth (mm). If depth coefficients

for other fuels are required it is recommended that

either Eq. 22a or 22b be used based on similar

properties or an average coefficient of 0.69 be

used for spill depths 	5 mm and a coefficient of

1.0 be used for spill depths >5 mm.

Once the fuel depth, fuel coverage area, and

depth coefficient are determined using the

methods described above, the final step in the

analysis is the prediction of the heat release rate

of the fire. Calculating the peak and/or transient

heat release rates requires knowledge of a fuel’s

maximum mass burning rate per unit area ( _m
00
1,

also seen as ṁmax

00
), optical properties of the fire

plume (kβ), and the heat of combustion of the

fuel (ΔHc). Using this fuel data, combined with

the spill parameters described above, a transient

heat release rate for the given scenario can be

calculated. The general form for this calculation

is presented in Equation 65.26 and expanded

below as Equation 65.32, which calculates the

peak heat release rate for a given fuel:

_Q p ¼ Cδ _m
00
1 1� e�kβD
� �

AΔHC

¼ Cδ _m
00
1 1� e�kβD
� � πD2

4
ΔHC ð65:32Þ

where _Q p is the peak fire size (kW [Btu/s]), Cδ is

the depth coefficient, _m
00
1 is the peak mass burn-

ing rate per unit area for the given fuel (g/s-m2

[lbs./s-ft2]), kβ is an empirical constant specific

to the fuel, A is the spill area (m2 [ft2]),ΔHc is the

heat of combustion of the fuel (MJ/kg

[BTU/lbs.]), and D is the effective spill diameter

(m [ft]). The effective diameter of non-circular

spills can be calculated using Equation 65.21.

D ¼
ffiffiffiffiffiffi
4A

π

r
ð65:21Þ

Equations 65.32 and 65.21 provide a means of

calculating a peak heat release that is both fuel

depth and fire diameter dependent. This predic-

tion provides the largest potential fire that a given

liquid fuel fire can produce.

Example 1 A 208 L (55 gal) drum of gasoline is

suddenly ruptured during a warehouse accident.

The fuel is released quickly across the floor of the

warehouse and is ignited when it comes in con-

tact with a piece of faulty equipment. Determine

the maximum size of the resulting fire.

Solution First, the size of the spill is calculate by

estimating the spill depth. Since gasoline is

spilled on an unknown floor material, a depth

value of 0.71 mm is selected from Table 65.1.

Using Equation 65.1 and assuming that the

release occurs instantaneously (i.e., the spill is

nearly at its maximum diameter at the time of

ignition) and is allowed to spread freely, the spill

area is calculated as

A ¼ V=δ ¼ 208 L=0:71mm ¼ 293 m2

Per Equation 65.21, the corresponding diame-

ter of the burning spill is 19.3 m. To account for

the short duration of the spill fire due to the

shallow spill depth, δ, the depth coefficient is
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calculated per Equation 65.22a to modify the

peak mass burning rate:
Cδ ¼ 0:95* 1� e�0:71δ

� � ¼ 0:38

The heat release rate for the fire is then calculated

per Equation 65.32 as

_Q p ¼ Cδ _m
00
1 1� e�kβD
� �

AΔHC ¼ Cδ _m
00
1 1� e�kβD
� � πD2

4
ΔHC

¼ 0:38 � 0:055 � 1� e∧ �2:1 19:3ð Þð Þπ 19:3mð Þ2=4 � 43:7 ¼ 267MW

From Table 26.21, the heat of combustion of gaso-

line is 43,700 kJ/kg, the density is 740 kg/m3,

and the maximum mass burning rate per unit area

of gasoline, ṁmax

00
, is 0.055 kg/m2s.

The intermittent flame height is calculated per

Equation 65.29 as

L f ¼ 0:23 _Q
2=5 � 1:02D

¼ 0:23 26:700kWð Þ2=5 � 1:02 12:2mð Þ ¼ 5:8 m

If it is assumed that the fuel spill burns at the

maximum rate for the duration of the fire, the

burn time, tb, for the fuel spill fire will be only

2 min:

tb ¼ m f

_m00A
¼ V � ρ

_m00A
¼ 0:208m3 � 740kg=m3

0:021kg=m2s � 293m2

¼ 25 s

Where the mass burning rate, ṁ00, is calculated

per Equation 65.23 as

_m00 D; δð Þ ¼ Cδ * _m00
1 1� e�kβD
� �� �

¼ 0:38 0:055 1� 1� e�21*193
� �� �� �

¼ 0:0209
kg

m2s

As illustrated in Example 2, the predicted burn

time of 25 s is most likely too short. In reality, the

fire will last longer due to the fact that the flame

takes time to spread across the spill.

Example 2 Consider the situation in Example 1.
What is the time required for the entire spill to

become involved in the fire? The temperature in

the warehouse is 20 �C.

Solution The most critical step in determining

the time for the entire spill to become involved in

the fire is to identify both the temperature of the

liquid fuel spill and the flashpoint of the fuel. The

flashpoint of gasoline is indicated to be �45 �C
as documented in the third edition of the SFPE

Handbook in Kanury’s [56] table, “Selected Igni-
tion, Flammability, and Autoignition Properties

of Some Fuels in Air.” Assuming that the gaso-

line is at the same temperature as the warehouse,

20 �C, the spill temperature is well above the

closed-cup flashpoint. The elevated temperature

indicates that gas phase flame spread will occur if

the spill is ignited. A reasonable and generally

conservative approximation of the upper gas

phase flame spread velocity is 200 cm/s.

The problem statement does not specify the

location of the ignition source relative to the

spill. The most conservative posture for fastest

involvement would be to assume that the ignition

source is in the center of a circular spill. Using

Equation 65.8 for circular spills will define the

time for full involvement:

tA,max ¼ rA, max

v

where rA,max is 6.1 m and v is 2.0 m/s. The time

for full involvement becomes

tA, max ¼ 9:65

2:0m=s

tA,max ¼ 4:8 s

If the ignition source was located at the perimeter

of the gasoline spill, it would take approximately
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10 s to travel the full 19.3m diameter of the pool to

involve the spill completely. Irrespective of the

ignition location, the time to involve the entire

spill is small in the context ofmost hazard analyses

time scales. Therefore, when gas phase flame

spread is governing the involvement of a spill or

pool of flammable liquid, it is often acceptable to

assume instantaneous ignition of the entire fuel

surface. This assumption may not be valid for

extremely large spills (e.g., tanker spills) or when

there are short time-scale concerns.

The difference between gas phase flame

spread and liquid-controlled flame spread can

be illustrated by assuming that the drum of gaso-

line in the foregoing example contained diesel

fuel. The flashpoint of diesel fuel ranges from

52 �C to 96 �C according to the 1994 edition of

NFPA 325 [57]. Since the warehouse is at 20 �C,
substantially below the flashpoint of diesel fuel,

flame spread would be governed by liquid-

controlled mechanisms. A conservative upper

bound of the liquid-controlled flame spread in

this case would be 10 cm/s. Assuming that the

area of the diesel spill was identical to the gaso-

line spill and that there was a strong enough

ignition source present to ignite the spill, a time

to full ignition of the spill can be estimated.

Assuming that the ignition source was in the

center of the spill, Equation 65.8 would be used

again, where the maximum radius of the spill is

6.1 m and the flame spread velocity is 0.1 m/s.

The time for full involvement becomes

tA, max ¼ 9:65

0:1m=s

tA,max ¼ 67 s

The conservative estimation of the time for full

involvement of the diesel fuel is significantly

greater than for the gas phase spread over gasoline.

Nomenclature

A Area (m2)

As Area of spill (m2)

Ass Steady-state area of continuously

flowing burning fuel spill (m2)

Cp Specific heat of liquid fuel

D Diameter (m)

Dss Steady-state area of diameter of burn-

ing fuel spill (m)

DT Tfl � Tl

Δhc Heat of combustion (kJ/kg)

Δhv,sen Sensible heat of vaporization (kJ/kg)

k Extinction coefficient (m�1)

l Length of a trench involved with fire

(m)

lmax Maximum length of trench (m)

Lf Flame height (m)

ṁ00 Fuel-mass burning rate per unit area

(kg/m2s)

_m
00
1 Fuel-mass burning rate per unit area

for infinite size pools (kg/m2s)

ṁmax

00
Maximum fuel-mass burning rate per

unit area (kg/m2s)

mi Mole fraction of fuel in liquid phase

ni Mole fraction of fuel in vapor phase
_Q Heat release rate (kW)

r Radius of the fire

rA,max Maximum radius of the fire for com-

plete involvement of fuel release

t Time

tA,max Time at which fuel release becomes

completely involved

Tb Boiling point temperature of liquid

fuel

Tfl Closed-cup flashpoint temperature of

fuel

Tgm Minimum liquid temperature at which

asymptotic gas phase spread occurs

Tgo Liquid temperature at the transition

from liquid to gas phase–controlled

burning

Tl Liquid fuel temperature

To Initial temperature of liquid fuel

v Flame spread velocity (cm/s)

V Volume (m3)
_VL Volumetric flow rate of liquid fuel

(m3/s)

w Width of a trench (m)

ẏ Regression rate (m/s)

ẏmax Maximum regression rate (m/s)
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Greek Letters

β Mean-beam-length correction

ρ Density (kg/m3)

δ Pool or spill depth (m)
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