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ABSTRACT: The structure and energetics of hydrocarbons burning in a pool
fire configuration are reviewed. Examples of non-hydrocarbons are also
presented. The character and structure of pool fires are discussed with
special regard to the flame shape, flame pulsation frequency, flame
height, and the detailed flame structure. An enthalpy balance about the
flame considers enthalpy losses to the surroundings due to radiation,
convection of sensible heat, and combustion efficiency considerations.
The power radiated from a flame as a function of burner diameter is
discussed. An enthalpy balance about the pool surface partitions the
heat feedback into conduction, convection, and radiation. This enthalpy
is part of a positive feedback loop which goes to vaporize the fuel.
Differences between field and zone models are discussed.
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INTRODUCTION TO THE CHARACTER AND STRUCTURE OF POOL FIRES

Many common fire scenarios can be classified as pool fires. These
include fires ranging in size from a cigarette lighter, where D is
approximately 10°¥ m, to a forest fire, where D can be as large as 10°
m. A pool fire is defined as a buoyant diffusion flame in which the
fuel is configured horizontally. Although the name implies that the fuel
is a liquid, it may be a gas or a solid. The fuel bed may be of an
arbitrary geometry, but for simplicity, most studies consider a circular
configuration characterized by a single geometrical scale, the pool
diameter (D). Beyond obvious differences in lenath scale, fire hazard
can be characterized in terms of the combustion kinetics of a fuel such
as resistance to suppression, flash point temperature, or lower
flammability limits, or in terms of heat transfer during combustion,
which can be characterized by the total heat release rate, the flame
spread rate, or the power radiated to the surroundings. Fire hazard can
be modified by ambient conditions such as the absence or presence of

an enclosure, a hot surface, wind, currents, or ventilation. These
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conditions play a role in governing both the detailed structure and the
overall hazard of a fire. For a comprehensive review of pool fires
including enclosure effects the reader is directed to the excellent
review on the topic by Hall [1] and Blinov and Khudyakov [2]. This
paper focusses on the structure and character of a pool fire burning in
a quiescent environment with an emphasis on mass vaporization and heat
release rates. Recent aspects of research in this field are summarized.

Flame Character and shape

When the mass burning rate of a flame exceeds a certain value, the flow
field ceases to be laminar. As the mass burning rate continues to
increase, the flow field changes from buoyancy to momentum dominated.
Accidental liquid spills which result in a pool fire are almost always
buoyancy dominated and are typically turbulent.

It is commonly accepted that the larger the fuel supply rate, the
larger the heat release rate, and the larger the flame height.
Historically, the modeling of pool fires has been based on the
assumption that flame dynamics are similar regardless of fire size or
fuel type. Pool fire Froude modeling suggests that the ratio of inertia
to buoyant forces are the key in simulating the fluid dynamic aspects of
pool fires and that chemistry plays a secondary role. Froude modeling
has been a common thread used to develop simple models for flame height,
pulsation frequency, and mass burning rates in pool fires.

The gross structure of a turbulent buoyant fire can be described
in terms of three regions; a fuel rich core known as the persistent
zone, an intermittent region with a time varying visible flame tip, and
a downstream plume region [3). The fuel rich core and the plume regions
can be thought of as approximately non-reacting, whereas the majority of
the heat release occurs in the intermittent region. The fuel rich core
is the region just above the fuel surface where little oxygen has
penetrated [4]. This region, nominally 20% of the average flame height,
is relatively cool and rich in fuel and pyrolysis intermediates [5].
Large scale vortices roll into the fire, entrain air, and define the
boundaries of the fuel rich core. Above the fuel rich core is the
intermittent region where air is convected radially into the fire. Heat
is released as the pyrolysis intermediates react with the entrained air,
yielding combustion intermediates, such as carbon monoxide (CO) and soot
particles, and combustion products such as water vapor and carbon
dioxide. 1In the fire plume, the rate of chemical reactions decrease
exponentially as the temperature drops and more cold air is entrained.
Some combustion intermediates like soot or CO may escape the
intermittent region into the plume, where temperatures are often too low
to completely oxidize these species.

The structure and shape of flames is important in understanding
the near field distribution of emitted radiation [6,7]. In general,
flame shapes change with time through a pulsation cycle. Often, the
time-averaged shape of turbulent fires is taken as approximately either
cylindrical or cone-like with the bottom taken as the pool diameter and
the top given by the visible flame height. Empirical results by Orloff
and de Ris [6,7] have shown that a simple relation adequately describes
the time-averaged flame shape over a range of moderate pool diameters
(0.1 to 0.7 m), fuel types, and fuel flow rates. Their expression
generates a hyperbolic-like curve which replicates the "necking-in" of
the flame edge near the pool base which is due to lateral entrainment,
and the downstream cresting at the visual flame tip. The lateral extent
of the flame boundary at the necking-in region is related to the Froude
number. For liquid pool fires, the smaller the Froude number, the more
organized the flame structure and the larger the time varying lateral
change in the amplitude of the flame boundary at the necking-in region.

The Froude number (Fr) is defined as the ratio of inertial to

buoyant forces: Fr = V3/(L'q) (1)



where g (9.8 m/s?) is the gravitational acceleration, V is a
characteristic velocity, often taken as the (gas phase) fuel velocity at
the burner exit and L is a characteristic length scale, often taken as
the pool diameter. For Fr >> 1, the flow field is momentum dominated,
whereas for Fr << 1, the flow field is buoyancy dominated.

Pulsation Frequency

A large number of experimental, theoretical and scaling studies have
investigated the coherent vortical structures which are shed by flames.
This phenomenon has been documented for a wide range of burner
diameters, heat release rates, Reynolds numbers and fuel types [8-28].
The vortical structures and their shedding frequency influence the rate
of air entrainment into a fire [8]. The pulsing nature of the flow field
propagates downstream leading to the time varying flame length which is
observed in turbulent fires.

Chen et al. [29] employed flow visualization in buoyant diffusion
flames to study the large torroidal vortices which give rise to the
flame bulges which are seen as flame pulsations. Experimental studies of
the pulsation frequency have utilized various measurement techniques
including acoustic detection, hot wire anemometry, fast photography,
video, photoelectronic devices, and local temperature and velocity
measurements. Typically, these measurements have been correlated with
physical dimensions such as the burner surface area [13] or diameter
[27].

Buckmaster and Peters [30] suggested that flame pulsations were
due to a modified Kelvin-Helmholtz instability. Bejan [31] based his
analysis on the buckling theory of inviscid streams and predicted a
vortex shedding frequency in qualitative agreement with experimental
results. Hertzberg et al. [32] used an order of magnitude analysis to
relate the pulsation frequency to the flame speed of a near limit fuel-
air mixture propagating from the fire edge towards the axis of the
burner. ‘

Emordi and Saito [33] emphasized the importance of the Strouhal and
Froude numbers in a dimensional analysis of the pulsation frequency of
pool fires. The sStrouhal number (S) is a non-dimensional frequency
defined as: S = £-L/V (2)
where L is a characteristic length (often taken as the burner diameter)
and V is a characteristic velocity (often taken as the velocity of the
fuel at the burner duct).

Putnam [34) suggested that an empirical dependence exists between
S and Fr, although a quantitative analysis of this relationship was not
provided. The Strouhal number plotted as a function of the inverse
Froude number shown in Fig. 1 correlates the pulsation measurements
taken from the literature for flames burning gaseous, liquid and solid
fuels over 14 orders of magnitude in Froude number and covering a range
of diameters from 0.007 to 50 m [28]. A power law fit to the data
yields: s = Fr=%37, A power law fit with § « Fr™%, would be equivalent
to the expression: f « D%,

A buoyancy induced instability has also been observed in
isothermal helium plumes as indicated in Fig. 1 [28]. The Strouhal
number of the non-reacting flow is well correlated by the inverse Froude
number, but yields a different power law exponent than the reacting flow
case. This is not surprising considering that the local density
gradients in the reacting and non-reacting structures are quite
different. Although numerical simulations of the pulsation phenomena in
buoyant plumes has been accomplished [35], the pulsing nature of buoyant
fires remains to be modeled from detailed consideration of the
conservation equations.
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Figure 1 The Strouhal number as a function of the inverse Froude

number for flames burning liquid, solid, and gaseous fuels
and for a helium plume.

Flame Height

The shape and height of a fire have important implications in terms of
fire hazard. In an enclosure, direct convective heat transfer to a
ceiling may have dramatic consequences in terms of time teo flashover.
Flame height is also a key parameter in radiative heat transfer
calculations to targets external to the fire and is related to possible
ignition of a secondary object. In global burning rate models, the
flame height impacts the calculated radiative feedback rate to the fuel
surface and thereby influences predictions of fire growth and spread. In
zone fire models, the calculation of flame height impacts estimates of
radiative flame emission, the occurrence of reignition in upper layer
gases in an enclosure, and estimates of the thermal insult on structural
members [36]. McCaffrey [37] reviewed the large number of studies that
have investigated flame heights, covering a wide range of burner
diameters and different fuels. A common definition for flame height (or
boundary) is that of the visible edge of flame luminescence. For
turbulent diffusion flames, early research often relied on visual
observation to estimate an average flame height. Zukoski et al. [17]
used the 50% visible intermittency height to define a characteristic
flame height (2¢), which is defined as the location where the flame
resides above and below this threshold 50% of the time.

The flame height correlations of Zukoski et al. [17] and Heskestad
[38] are commonly used in the fire literature. Heskestad’s algorithm
relates flame height to a power law in terms of N(Q), a non-dimensional

heat release rate: Z;/D = -1.02 + 15.6-N(Q)°-2 (3)




TABLE l--Thermochemical and combustion properties of several fluids.

Fuel Xa T,, K | H., MJ/kg | 1, cm r X

Methane e 112 50.0 — 12.9 0.21b
Propane cen 231 46.4 16 15.7 0.24P
Acetylene cee cen 48.2 1.9 13.3 0.28°
Methanol 0.063 338 20.0 ees? 6.9 0.22
Ethanol 0.037 351 26.8 23 9.4 0.18
Acetone 0.020 329 28.6 21 S.9 0.27
Heptane 0.011 371 44.6 12 15.2 0.33
Toluene 0.013 383 40.5 0.6 13.5 0.34
PDMS® (D4) 0.017 449 24.8 od 7.5 0.37
PDMS® (MD,M) 0.016 467 28.8 od 8.9 0.37
PDMS® (MD;sM) 0.13 =648° 24.8 od 7.5 0.31
a The smoke point has not been accurately measured, but is expected

to be extremely large.
b X, is listed for large fuel flow rates, see Figs. 7 and 8 for ¥, as

a function of mass flux in the 0.38 m burner.

PDMS (polydimethylsiloxane) with M=(CH,;),5i0 and D=(CH;),SiO.

$i0;, an oxidized particle, is a stable product that escapes the

flame tip for all combustion conditions.

e Estimated temperature for thermal degradation (reversion) to
volatile cyclics (D3, Dy, ..., Dp).

Q.0

where D is the pool diameter and N(Q) is defined as:

N(Q) = [cp T/ (Ho/x) 1% (Qp")? (4)

r is the stoichiometric (mass based) ratic of air to fuel, c
is the heat capacity of air at ambient temperature, Tos and
H. is the heat of combustion for a particular fuel. QD is defined as:

Op" = Q/(pe Cp To' (g-D%)° %) (5)

where p_ is the ambient air den51ty and g is the gravitational
acceleration. The parameter N(Q) is proportional to the Froude number
defined in Eq. 1 and is related to the fire heat release rate (Q). The
values of r and H_ can vary by a factor of two for different fuels as
seen in Table 1.

Hasemi and lehlhata [39] studled small QD flames, where small
Oy was defined as Qp" < 0.1, N(Q) < 1073, or Z,/D < 0.5. Intermediate
and large flames are characterlzed by (QD > 0.1). Hasemi and Nishihata
[39] found that:

P

for small flames Z¢/D (QD )2 (6a)
for intermediate flames Ze/D x (QpF)(%73) (6b)

Zukoskl et al. [17] correlated flame height to a power law in terms of

Qp”: . .
d 2./D = 3.3- (Op")(%/3) for §* < 1 (7a)



Z./D = 3.3-(0,")2/3) for ¢ = 1 (7b)

Zukoski et al.’s [17] algorithm can be related to the Heskestad [38]
expression through Q,". Heskestad’s and Zukoski’s correlations given in
Egs. 3 and 7 relate the normalized flame height (Z;/D) to the total fire
heat release (Q).

Figure 2 shows our measurements [40] of the normalized flame
height as a function of N(Q) in gaseous pool fires burning acetylene,
propane, and methane in 0.10, 0.38, and 1.0 m water-cooled sintered-
metal and sand-filled burners. Like Zukoski et al. [17], the 50%
intermittency visible flame height was used to define the characteristic
flame height. The bars on some data points represent minimum and maximum
observed non-dimensional flame heights which varied from approximately
0.7 to 3 times the average flame height. Measurement uncertainty is
estimated to be approximately 10%, which is smaller than the symbol size
representing the data in Fig. 2 [40]). Also shown are the correlations of
Zukoski (for CH,, C;Hg, and C,H,) and Heskestad. The correlations of
Heskestad and Zukoski behave very similarly for N(Q) > 4-107%. For
N(Q) < 4-1073, the predictions are significantly different. Heskestad’s
[38] correlation appears to adequately represent the data in Fig. 2
except for the high C,H, mass flows, where the flames are smoky and the
combustion efficiency is small.

In the original development of a flame height model based on the
Froude number, Heskestad [41] proposes that the non-dimensional flame
height should be written in terms of N and the sensible heat loss from
the flame (Q.) as:

Z:./D = £(N/Q.) (8)
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where N=N(Q.). Physically, ¢, is the flame enthalpy convected away by
the plume to the surroundlngs It is discussed in detail in Section 2.

Unfortunately, the fuels used to develop the flame height
algorithms [17,38,39] relied almost exclu51vely on non-smoky fuels,
where the non—dlmenSLOnal parameter ¥. (=Q. /9) is typically greater than
0.7. Common fuels are often smoky and thus, it is of interest to test
the flame height correlation for a fuel like acetylene, which has a high
sooting tendency and which may have yx. values much smaller than 0.7
[42]. An attempt to correlate the non-dimensional flame height
according to Eg. 8 also failed to collapse the high mass flow acetylene
results. This may be because the physics controlling the length scales
in very sooty fires may be different than in non-smoky fires [43].

A fit of the same normalized flame helght data used in Fig. 2 as a
function of QD (Q ) fares much better as shown in Fig. 3. The
correlation by Zukoskl for QD (Q) is also shown, but as expected it does
not correlate the data. These results imply that non-smoky fuels are
reasonably predicted by the literature flame height correlations. For
smoky fuels, however, the literature correlations do not do a good job
of predicting average flame heights. A better fit is obtained when Q.,
the sensible heat loss from a flame is considered. However, in most
common fire scenarios, measurement of QC is impractical.

The Detailed Structure of Pool Flames

The turbulent nature of a fire plays an important role in mediating
flame radiation. Local radiative emission is governed by the time-
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Figure 3 The measured flame height as a function of QD (Qc).
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varying correlated distributions of temperature and soot volume
fraction. Because of the highly non-linear dependence of Plank’s
function, small uncertainties in flame temperature can propagate large
errors in the calculation of radiative emission from a flame. In
addition to particle radiation, emission by water and carbon dioxide
must also be considered. Thus, it is of interest to understand the
temporal and spatial structure of a turbulent fire. The structure of a
steady laminar diffusion flame is defined by the scalar distributions of
temperature and chemical species, including both soot particles and
stable and unstable reactive radical gas phase species, and by the
vector velocity field.

A complete set of flame structure information can be used to make
calculations of radiative flame emission and feedback to the fuel
surface, as well as estimates of the key chemical heat release pathways
[44,45]. The structure of an unsteady turbulent fire is complicated by
the time varying distributions of these quantities. The number of
investigations on the detailed structure of buoyant turbulent pool fires
is much, much smaller than in laminar flames. Enough information does
exist in pool fires, however, to qualitatively understand trends in the
mean temperature, velocity, and stable species concentrations
[4,9,14,16,46-49].

McCaffrey [50] represented the mean temperatures and velocities as
functions of the heat release. The mean centerline temperature rapidly
increases from the fuel surface to a peak value of nearly 1200 K in a
distance of approximately one pool diameter for buoyant 0.3 m propane
pool fires [9]. Above the temperature maximum, the mean centerline
temperature slowly decreases due to cooling by entrained air and a halt
to the chemical reactions. 1In the intermittent zone, the mean
temperature decreases, whereas in the persistent region, the temperature
is essentially unchanging. In the intermittent region, McCaffrey [50]
showed that the radial dependence of the mean axial temperature and
velocity scaled like a gaussian function. The RMS temperature variation
at a single location near the edge of a hydrocarbon fire is typically as
large as 500 K, almost as large as the mean temperature itself [51].

The mean axial velocity profile also scales with the heat release
[50]. At the pool surface; the gas phase fuel velocity is small for
ligquid fuels (=0.1 m/s) and even smaller for burning solids. Gas
velocity in a fire rapidly accelerates above the pool surface, driven by
the volume expansion associated with chemical reaction. A few
centimeters above the pool surface, vertical speeds on the order of
1 m/s are obtained for buoyant 0.3 m propane pool fires [9]. The gas
velocity continues to increase until the heat release stops near the top
of the visible flame, with vertical speeds reaching 3 to 4 m/s at 0.2 to
0.4 m above the fuel surface [9]. The rms velocity variation has not
been as carefully characterized.

The average of the time varying species concentration field in a
turbulent flame bears some resemblance to that of a laminar flame. In
laminar non-premixed flames, it has been shown that the temperature and
many of the major and minor species concentrations are related through
simple state relationships, which is a function of the local equivalence
ratio [51,52]. Soot v« lume fraction does not correlate in this same
manner. On the flame axis, the concentration of fuel decreases rapidly
and the concentration of oxygen increases. In a turbulent flame, the
time-averaged species concentration and temperatures are smoothed out.
In most flame regions, their values do not obtain peak values as large
as in laminar flames [4,9,14,16,46,49]. The concentration of inter-
mediate species such as carbon monoxide, molecular hydrogen and the soot
volume fraction do increase with distance above the fuel surface [9].

ENTHALPY BALANCE IN THE FLAME

There are wide differences in the radiative emission characteristics of




fires depending on the fuel composition. Flames burning methyl alcohol,
for example, do not contain soot particles and appear blue in color due
to non~equilibrium thermal processes. Flames burning H, are not visible
at all. In contrast, hydrocarbon fires are extremely luminous due to
significant concentrations of soot particles which emit blackbody
radiation. Gas species such as carbon dioxide, water, and to a lesser
extent carbeon monoxide and hydrocarbon intermediates, emit infrared
radiation in hydrocarbon and non-hydrocarbon fires, but the visible
radiation intensity emitted by socot typically far exceeds that of
gaseous emission. For some fuels, as the fire source becomes large, the
rate of soot production exceeds the rate of soot oxidation and
carbonaceous soot particles are convected through the fire to the
surroundings. If the soot yield is very high, then flame radiation will
be blocked and the fractional radiative emission will decrease.

Beyond spectral differences, radiated power differs with fuel type
even for the same values of heat release, Q. This implies that the
simple assumptions of Froude modeling must be modified to account for
differences associated with chemical influences on the structure of a
fire.

The energy radiated from a flame is a key parameter in fire safety
considerations. The magnitude of the radiative transfer to targets
external to the flame affects the hazard posed by a particular fire and
influences fire spread rates. Radiative transfer from the flame to the
fuel surface is the dominant heat feedback mechanism in large fires,
controlling the fuel mass evaporation rate.

An overall enthalpy balance about a diffusion flame shows that the
actual heat release from chemical reactions (Q ) is equal to the sum of
the energy convected from the buoyant plume to the surroundings (Q.),
enthalpy feedback to the fuel surface (Qs), and energy radiated to the
surroundings by high temperature soot particles and gas species (Qr):

Qa = Xa'Q = Qp + O, + Qg (9)
where the actual heat release (Q ) is equal to the idealized heat

release (Q) modified by the combustlon efficiency (%,). The idealized
heat release (Q) is defined as:

Q = m-H, (10)

where m is the mass vaporization rate (kg/s) and H, is the heat of
combustion (MJ/kg). Dividing through by @, Eg. 9 can be rewritten as:

Xa = X T %X + Xs (11)
where y, is defined as: Ys = 0./0 (12)
and represents the heat feedback to the fuel surface via radiation,

convection and conduction. The fractional amount of total combustion
enthalpy lost as sensible heat is defined as the convective heat loss

fraction (¥.): . .
Q.79 (13)

The fractional amount of total combustion enthalpy emitted from a flame
is defined as the radiative heat loss fraction (x,):

Xe = Q.70 (14)

Radiative Emission

Figure 4 is a schematic drawing of the technique used to determine the
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radiative flux distribution over a surface surrounding the flame. The
radiated power (Q,) is determined by integrating the measured spatial
distribution of radiant flux. At the same time, Q can be determined by
monitoring the burning rate (m). Figure 4 is a schematic of the
location and orientation used to measure the radiated power from a
flame. Typical profiles of the near field time-averaged radiative flux
as a function of location in the radial and vertical directions are also
shown. The radiative flux drops off very quickly in the radial
direction, whereas in the vertical direction, the flux peaks at a
vertical location equal to approximately 50% of the characteristic flame.
height. The vertical and radial flux distributions are numerically
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integrated to obtain the total radiant power output of the flame using
the following expression:

Qr = 2n(fr-q"(r)-dr + R fz-q"(z) dz) (15)

where the symbols for the r axis, z axis, and R, are defined in Fig. 4.
This method has been used by a number of investigators. Jeng and Faeth
{54] used this technique for methane jet flames. Subsequently, Gore [55]
applied this technique to jet diffusion flames burning a variety of
fuels. Hamins et al. [56] have determined y, from detailed radiant flux
measurements for a number of different fuels and pool diameters.

Figure 5 shows measurements from several authors of %, as a
function of pool diameter for fires burning heptane [56-60]. Two
distinct regimes are delineated in the figure. For 0.1 m< D < 2 m, %, is
relatively constant, whereas for D > 2 m, %, % D%, Data for kerosene
shows very similar dependencies [61].

Since measurements of the distribution of the radiant flux over a
surface bounding the source is tedious and at times impractical, many
measurements of radiative heat loss fraction reported in the literature
rely on single point radiant flux data and the assumption of isotropy.
For a spherical source, the total radiative power output Q, (kW) is the

product of the flux, g"(r), and the spherical surface area (4mr?):

Q, = 4nr?-gq"(r) (16)
where R is the sphere radius. The incident thermal radiation flux {gq")
is proportional to the inverse square of the distance from the source.
McCaffrey [62] used single location measurements and the assumption of
radiative isotropy to evaluate y, for medium sized pocl fires. Modak
[63]) and Bouhafid et al. [3] measured radiative flux at various
distances from pool fires. Modak [63] concludes that the assumption of
an equivalent isotropic emitter improves with distance from the fire and
is approximately valid for distances from the pool center equal to ten
diameters.

Figure 6 shows our measurements of the power radiated to the
surroundings (Q,) as a function of diameter for burning pools of a
number of hydrocarbon and polydimethylsiloxanes (5110xane) fluids (Buch
et al., 1995). Qr is related to %, through Eg. 14 and to m through

Eg. 10, yielding: . .
Q. = m-H. %, (17)

As shown in Fig. 5 for heptane, Y%, = constant for D < 2 m, leading to
the result that the radiated power is proportional to the burning rate
(i.e., 0, = m for D < 2 m). Figure 6 shows that for the same pcol
diameter, Q, differs by an order of magnitude between fuels and is
largest for the hydrocarbons (heptane and toluene) and oligomeric short
chain siloxanes (MM, MDM, MD2M, and D4) and is more than an order of
magnitude smaller for alcohols or polymeric siloxanes (MD;sM and MDggM)
[64]. The notation describing the chemical structure of the siloxanes is
explained in Table 1.

For D > 2 m, the mass vaporlzatlon flux (m") is approximately
constant [65], and therefore, m « D?. For heptane and kerosene, ¥, % D%
(see Fig. 5). This leads to an expreSSLOn that can be expected for
typical liquid hydrocarbons (i.e., 9, = D!}-%). Mudan and Croce [66]
show measurements of the em1551ve power for liquified natural gas (LNG)
which suggest that Q « D? for D >>2. This implies that ¥, = constant
for D >> 2 m for LNG, quite different from the results seen in Fig. 5
for a larger hydrocarbon like heptane, which has a higher sooting
tendency.

Table 1 lists yx, for a number of fluids burning in a 0.3 m
diameter pool. Table 1 shows that the fluid type has a significant
influence on ¥x,, which is smallest for the non-luminous methanol fires.
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burning a number of liquid fuels.

As Qr~increases, Qs, the heat feedback rate to the pool surface
can also be expected to increase. Other factors, however, such as
radiation blockage by fuel vapor, pyrolysis intermediates, and soot
particles, play an important role in mediating radiative heat feedback
[67,68]. Thus, the modeling of Q, requires a detailed understanding of
flame structure, and cannot be predicted from global flame energetics
alone. Detailed measurements of ¢, on the pool surface could also
differentiate the relative importance of radiative and convective
transfer in intermediate sized pool fires. For large burner diameters (D
>2 m), radiative transfer is expected to dominate.

For a hydrocarbon fire, the ratio (Q./Q=Y%.) typically takes on
values much less than unity [42], depending on a number of factors
including, most importantly, the fuel type and fire size which controls
Xa. and x.. ExXpe imentally, the sensible enthalpy loss from a fire (Q.)
can be estimated from the heat carried by the combustion products [69].
In an exhaust duct, the sensible enthalpy loss from the fire can be
expressed as [40]:

Q. = V, A p-cy AT (18)

where V_, is the velocity of the exhaust at the location of the
thermocouple array, A is the duct area, p is the gas density, S is the
heat capacity cf the exhaust gases, and AT is the temperature difference
between ambient and the average exhaust temperature, measured by
thermocouples.

Measurements of Q., Q,, Q,, and m for a particular fuel allow
determination of y, from Egqs. 9 and 10. Experimentally, enthalpy losses
to a water cooled burner (Q.,) can be determined by monitoring the
volumetric flow of cooling water and the temperature increase of the
water [40]. Alternatively, y, can also be determined by oxygen




depletion calorimetry [42]. Tewarson [42] related the smoke point
height (1;) to global combustion properties such as ¥., X., and x. from
calorimetry and radiative flux measurements made on a large number of
solid, liquid, and gaseous fuels burning in small diameter pools.
Table 1 lists the smoke point height (1,) for several fuels. 1, is
defined as the critical flame length at which soot escapes from the
flame tip [70]. Typical hydrocarbons are characterized by 1, values
ranging from 0.5 to 20 cm. Small values of 1., are associated with
hydreocarbons with a higher tendency to soot. Methanol flames contain
near-zero concentrations of soot and thus are characterized by infinite
smoke point heights. Although 1, is helpful in ranking the combustion
efficiency of various organic fuels, combustion efficiency is also a
function of the fuel flux. This is seen in Fig. 7, where the measured
values of ¥,., Xgr and ¥. and the calculated wvalues of %, are presented
as a function of the mass burning flux of acetylene in a 0.38 m diameter
water-cooled sintered-metal burner. The enthalpy feedback to the burner
(s defined in Eq. 12} is relatively small except for small fuel fluxes.
The enthalpy feedback decreased with increased fuel flux, consistent
with thin film models of convective transfer [6,7]. As the acetylene
mass vaporization flux (m") increased, ¥, increased and yx. decreased.
For very small acetylene mass fluxes, the flames were non-smoking and ¥,
was determined to be close to unity. This is because hydrocarbon fuels
like acetylene with a high tendency to socot, typically yield smoke only
for moderate and high mass fluxes. As the acetylene mass flux
increased, Fig. 7 shows that the fires produced copious quantities of
soot and y, decreased, obtaining values as low as 0.6. For small mass
fluxes, yx. took on values nearly 0.4.

Similar measurements for methane (and natural gas composed of =96%
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methane) are shown in Fig. 8. Because these fires were not observed to
produce smoke, it was assumed that ¥, = 1. A comparison of Figs. 7

and 8 shows that for the same mass flux, the y, values for natural gas
and methane were smaller and the %, values were generally larger than in
the acetylene flames.

ENTHALPY BALANCE AT THE FUEL SURFACE

The heat feedback rate, Q. (kW), from the flame to the pool surface can
be partitioned into the three major heat transfer mechanisms: conduction
[71], convection [72-74] and radiation [75-79]. A large number of
studies have investigated each of these mechanisms in an effort to
accurately model mass vaporization rates in burning pools. The relative
contributions of each of these are related to geometrical parameters
such as the pool diameter, burner material, and lip height, but more
fundamentally to the structure of the flame itself, including the flame
shape and the spatial distribution of temperature, species concentration
and soot volume fraction.

Hottel [75] represented heat transfer to the pool surface in terms
of global flame properties:

stmnd = k'”D(Tf'Ts) (19)
<s,conv = hAs(Tf;Ts)4 (20)
Qs,rad = OVAS(Tf -Tg )(1—exp(—F-D)) (21)

where Q&cmw, ngmw' and Qsﬂmd are respectively conduction, convection
and absorbed radiation heat’ transfer to the pool surface, k’ (kW/m-K) is
a conduction coefficient, D {(m) is the pool diameter, Ag (m?) is the
pool surface area, T; (K) is the flame temperature, T, (K) is the pool
surface temperature, h (kw/m?-K) is a convective heat transfer
coefficient, o is the Stefan-Boltzmann constant, V is a dimensionless
flame-pool- surface radiative configuration factor, and T (m~!) is a
radiative extinction coefficient.

Hottel [75] noted that when D is small (D<<l), conduction
dominates the heat feedback because convection and radiation are
proportional to D? and conduction is proportional to D. When D is large,
the importance of conduction diminishes and radiation eventually
dominates convection. This is because I''D in Eg. 21 becomes large and
radiation is proportional to T;*. Burgess and Hertzberg [76], using
Hottel’s [75] bulk properties formulation for pool burning and Blinov
and Khudyakov’s [80] burning rate data, determined that radiative
transfer becomes dominant over convection for pool diameters from 0.1 to
0.5 m depending on fuel type. Below these sizes, convection was found to
be important.

A schematic diagram of the enthalpy balance in a liquid pool fire
is shown in Fig. 9 for a quasi-steady state system [81]. Such a system
is achieved by adding fuel from a reservoir into the pocl bottom at a
rate that matches the fuel burning rate, such that the fuel level
remains constant. The gradual growth of the thermal layer inside the
liquid pool (Q.,..) Mmust also be considered. A short time after
ignition, the mass vaporization rate (m) in such a system is nearly
constant, but the bulk temperature throughout the pool continues to
gradually increase [81], which represents a flame enthalpy loss
mechanism (Q.,,.). The enthalpy balance for a control volume about the
liquid pool can be represented as:

Qs - Qs,cond + Qs,conv + Qs,rad - Qreflect (22)

.

Qs - Hg + Qrerad + Qloss + c.gcorr (23)
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The net rate of heat feedback to the pool surface,.és (kW), is
determined by the sum of the rates of convective (Q, .onv)s conductive
(Qq,copa) and radiative (Qg r.q) feedback. The rate of absorbed radiative
enthalpy is equal to the incident (Qg, ,,q) minus the reflected rate of
radiative enthalpy (Qrefiect)+ The amount of surface reflection (Q,.fject)
depends on the angle of incident radiation and the refractive index of
the fuel [81], where H, (kJ/kg), for a steadily burning fire, is an
effective heat of gasi%ication defined as:

Hy = H, + [C,-dT (24)
H, (kJ/kg) is the latent heat of vaporization at the pool surface
temperature, C, (kJ/kg-K) is the specific heat of the liquid fuel and
the limits of integration are from ambient temperature (T,) to the pool
surface temperature (T,). These terms are balanced primarily by the
product: (m-H,).

The width of the arrows in Fig. 9 symbolize the approximate
importance of each of the key terms in the enthalpy balance occurring in
a 0.30 m heptane pool fire. A detailed heat balance must consider other
thermal sources and sinks. These include heat gain due to conduction
through the metal burner walls, heat losses due to radiation from the
fuel surface to the surroundings (Q,...q). losses from the bottom and
sides of the burner (Qj..s)- The loss terms (Q....q and Q;,gg) act to
diminish the fraction of enthalpy available for fuel vaporization, but
are typically small when compared to the term (m-ag) for liquid fuels.
The combustion of a solid material can have a high surface temperature,
leading to large values of Q..,..4. Another possible contribution to the
overall heat balance is from water condensation (Q..t.,) on the fuel
surface. Condensation of gas-phase water molecules, diffusing from the
flame towards the relatively cool fuel surface, can impact the fuel
burning rate measurement and increase the enthalpy of the pool. The
impact of this process may be non-trivial for fuels with pool surface
temperatures significantly less than the water beiling point (T,<<373K).

Experimental characterization of the local heat transfer to the
pool surface is essential for the development and validation of detailed
models which predict the burning rates of liquid hydrocarbons and solid
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burning a liquid fuel.

polymers. Yet, only a limited number of experiments have measured local
heat transfer to the fuel surface.

Previous measurements of the local radiative or net heat flux at
the surface of pool fires are listed in Table 2. Measurements have been
conducted on pools varying in diameter (D) from approximately 0.01 to
3 m for a number of different liquid fuels and for solids including
polymethylmethacrylate (PMMA). Studies of local mass vaporization rates
have been conducted using ring pool burners [2,81,82] and insulated fuel
wells [83] where local measurement of m in conjunction with Eg. 23
allows estimate of the local heat flux.

In their extensive investigation of pool fires, Blinov and
Kh-dyakov [2] measured the burning rate of numerous hydrocarbon fuels in
dizferent sized concentric ring burners including a 0.80 m four-ring
burner and a 0.30 m four-ring burner. Fuels tested included benzene,
gasoline, kerosene and diesel oil. For all fuels, the burning rates were
highest in the center ring, decreased away from the center and increased
in the outer ring. These results were gqualitatively different from the
measurements reported by Akita and Yumoto [82] for methanol. Hamins et
al. [81] measured burning rates in a 0.30 m four-ring burner and found
that the mass vaporization flux (m") was nearly constant (within 20%) as
a function of ring location on the pool surface for both luminous and
non-luminous fuels.

In a series of square pool fires burning polymethylmethacrylate
(PMMA), Modak and Croce [84] measured a monotonic decrease in burning
rate from pool center to pool edge. For a PMMA square (0.31 m x 0.31 m),
the local burning rate at the pool edge was approximately half the
burning rate at the pool center.




TABLE 2--Heat feedback measurements in pool fires.

Reference Fuel D, m Q",ad | @"net | Steady | Comments
State?
Blinov & benzene 0.03-.8 X yes ring
Khudyakov gasoline burner
(1961) kerosene
oil
Corlett & Fu methanol 0.006-0.3 X yes insulate
{1966) acetone d fuel
well
Akita & methanol 0.1-0.3 X yes ring
Yumoto burner
(1965)
Yumoto gasoline 0.6-3 X X yes pool
(1971) hexane center
Modak & PMMA 0.2 X no recessio
Croce n rate
(1977)
Alger et al. methanol 3 X no Gardon
(1979) JP-5 gauges
Shinotake et heptane 0.3-1.0 X X no dual
al. (1985) Gardon
gauges
Hamins et methanol 0.3 X X yes ring
al. (1994) heptane burner/
toluene radio-
MMA meter

Local radiative heat fluxes have been measured using dual Gardon
gauges [85,86], aspirated radiometers [87] or a windowless, nitrogen
Yumoto [85]
measured heat feedback to intermediate-sized (0.6 m < D < 3.0 m)
gasoline and hexane pool fires using dual Gardon gauges with different

purged, water-cooled narrow view-angle detector [81].

emissivities, but measurements were made at the pool center only. Alger
et al. [87] measured the radiative feedback to large scale (3 m) methyl
alcohol pool fires using Gardon and transpiration radiometers at several
pool locations. They found that the radiation decreased from the pool
center towards the pool edge by almost a factor of two, consistent with
the results of Modak and Croce [84]. Shinotake et al. [86] determined
convective and radiative heat feedback near the center of intermediate
sized pools burning heptane by use of dual Gardon gauges with different
surface emissivities. Their results showed that nearly 65% of the heat
feedback near the pool center was due to radiation in a 0.3 m heptane
fire. In those experiments, however, a thin fuel layer was floated over
water, and the fuel was not main' ained at a constant level. Corlett and
Fu [83] estimated the local radi.cive heat transfer at several locations
on the surface of methyl alcohol and acetone pool fires

(0.05m< D <0.225m) using a small insulated well filled with fuel, but
only a few measurements near the pool center were conducted.

Hamins et al. [81] characterized systematically the heat feedback
rate to the surface of 0.30 m pool fires. The radial variation of both
the mass vaporization rate and the incident radiative heat flux were
measured. Figure 10 shows the absorbed radiative heat flux (Q, ..")
normalized by the local net heat flux (Q") as a function of location on
the surface of 0.30 m pool fires burning toluene, heptane and methyl



alcohol. The absorbed radiative flux is the difference between the
incident and reflected fluxes. The percentage of absorbed radiative
heat feedback integrated over the pool surface was largest for toluene,
followed by heptane and methanol as indicated in the figure. In Fig. 10,
the difference from a value of 1.0 can be attributed to convection (see
Eg. 20). Radiation was found to play an important, if not dominant
role, in the heat feedback to 0.30 m pool fires for both luminous and
non-luminous flames.

These results imply that the burning rate of luminous pool fires
(0.3 m <D < 1 m) may be adequately modeled by a detailed analysis of
the local radiative heat transfer at the pool center or any other
location on the fuel surface. In such models, neglecting convective heat
transfer would introduce some small error (<20%) in the prediction of
the fuel burning rate. This error would diminish for large diameter
pools (D>1 m), as radiative heat transfer becomes relatively more
important.
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Mass Vaporization Rate

The heat flux to the surface of a pool fir. and the mass flux vaporizing
from the pocl are coupled in a positive feedback loop. The rate of fuel
evaporation depends on the rate of heat feedback from the flame to the
fuel surface and the mass vaporization rate controls the total heat
release rate and thereby the rate of heat feedback.

The steady mass vaporization rate is related to the ratio of heat
transferred to the fuel surface (Q,) divided by the heat needed to




gasify the fuel (H_). From Eq. 23 with Q,.,.4¢ Qiosss @nd Q... considered
small compared to %he enthalpy of gasification term (m~Hg):

m o= Qg /H, (25)

Equation 25 assumes that heat losses to the burner, re-radiation
by the fuel surface and other enthalpy loss terms are small. For a
burning liquid pool in steady state, the surface temperature has been
measured to be near the fuel boiling point [88]. For a solid fuel, the
surface temperature is related to condensed phase degradation kinetics
and is often called the pyrolysis temperature [89]. The total mass
evaporation rate (m) is determined by integrating over the pool surface:

m= 2x- [ m"(r) -r-dr (26)

where m"(r) (kg/m?-s) is the local mass vaporization rate of fuel. The
average mass vaporization flux m" is related to the fuel burning rate
(v), which is defined as:

v = a"/p, (27)

and has units of length per unit time, where p. is the density of the
condensed phase fuel.

Using Egs. 10 and 25, Eqg. 12 can be expressed as the ratio of the
heat of gasification, Hy (kJ/kg) to the ideal heat of combustion, H
(kJ/kg):

Xs = Hy/H, = Q./Q = 1/B (28)

: Xs in Eg. 28 is the reciprocal of the diffusive transfer number,
the B number, as cited in the literature [76,90]. The value of x, is
independent of the mass vaporization rate and depends mainly on
intrinsic properties of the fuel. Table 1 shows that yx, can vary by a
factor of five or more among some common liquid fuels.

Compiling data for a very large number of fuels, Babrauskas [65]
showed that the mass vaporization flux (m") obtains an asymptotic limit
for large burner diameters. The pool diameter for which the limit was
obtained, differed from fuel to fuel, but was typically on the order of
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a few meters for hydrocarbon fuels. Burgess and Hertzburg [76] showed
that a plot of m" for hydrocarbons for large pool diameters was well
correlated by the B number (x,"!). It is of interest to consider the B
number correlation in terms of (1) intermediate sized pool fires and (2)
non-hydrocarbon fuels. Polydimethylsiloxanes (PDMS or siloxanes) are
industrial fluids used in a wide range of applications. A combustion
product of these fluids is SiO, particles which significantly impacts
the radiation characteristics of the fires. Figure 11 shows the measured
mass flux as a function of fuel B number (= %;~") for a number of
hydrocarbons and siloxanes burning in a 0.3 m pool [64]. Both, the
siloxanes and the hydrocarbons are fairly well correlated by the B
number. Figure 11 shows that the smaller oligomeric siloxane chains
(MM, MD;M, MD,M and D4) burn much faster than the larger polymeric
siloxanes (MD,;sM and MDsgM). In an analogous fashion, the hydrocarbons
(heptane and toluene) burn faster than the alcohols. Plots similar to
Fig. 11 can be constructed for burning hydrocarbons in a series of pool
diameters. Figure 12 is a plot of the ratio of the fuel mass flux to the
fuel B number (m"/B) as a function of pool diameter for

hydrocarbon fuels. A similar correlation could be developed for the
siloxane fluids and plotted in Fig. 12. These results can be used to
estimate the mass vaporization rate of typical hydrocarbon fuels for any
burner diameter, assuming quiescent, freely burning conditions and that
the fuel B number is known. Not surprisingly, the shape of the function
in Fig. 12 is highly similar to the shape of a plot of the mass flux as
a function of pool diameter for a fuel like toluene. Indeed, Fig. 12 is
based on mass flux measurements for toluene and a number of other fuels.
In addition, the correlation is limited to hydrocarbon fuels and will
not predict mass evaporation rates for fuels with little tendency to
form soot, such as the alcohols, methanol and ethanol. For these fuels
m" =~ constant, independent of pool diameter.

Vaporization Rate Models

Because of the complexities associated with heat and mass transfer, and
gas phase kinetics in a turbulent fire, it is not currently possible to
predict fuel vaporization rates from detailed solution of the
conservation equations without resorting to empirical shortcuts. Thus,
semi-empirical models of varying complexity have been developed,
exploiting our knowledge of fluid dynamics, chemistry, and heat transfer
in reacting systems. In general, the current models can be divided into
global models and field models. Both types contain a large number of
interacting submodels.

Global models often assign one or several zones of constant
properties such as temperature or species concentrations. Transport is
ignored. A mean beam length radiation submodel is often used to predict
radiative transfer to the fuel surface [6,7,75)]. The mean beam length
is related to the flame shape. For small Froude numbers with a
cylindrical flame shape, the mean beam length is related to the pool
diameter and the flame height. Hayasaka and Roseki [91] used a mean
beam length model with global flame properties and compared their
predictions with measured burning rates for pools up to 10 m in
diameter. Their model, however, has not been tested on fuels other than
kerosene. Modak and Croce [84] calculated the radiative heat flux from
the flame to a surface element on a burning pool (0.18 m} of PMMA in
terms of an empirical time-averaged flame shape, an effective radiation
temperature, and a mean gray-body absorption-emission coefficient. These
parameters were all independently measured whereas convection was
assumed to be negligible. Orloff and de Ris [6,7] represented the fire
as a time averaged volume of constant property gases. Their measured
radiative heat loss fraction (¥%.) was used to estimate a global
absorption-emission coefficient. Measured flame shapes were used to
calculate a mean beam length and convective heat feedback was estimated




from experiments on a water cooled gas burner. The flame temperature was
taken as a constant for all fuel types. Model predictions were compared
to measurements for pools burning liguid methancl and solid
thermoplastics. Unfortunately, the efficacy of this particular approach
depends on knowledge of ¥, which varies significantly as a function of
pool diameter and mass flow rate, as seen in Figs. 5, 7, and 8. Global
models are also sensitive to total heat release, which depends on the
combustion efficiency, ¥,, through Eq. 9. In addition, ¥, varies
significantly as a function of pool diameter and mass flow (see Fig. 7).
The global model of Orloff and de Ris [6,7] provides burning rate
predictions to within a factor of 2 to 3 from experimental results,
which may be the best that can be expected using a global approach. It
remains unlikely that global models will be able to accurately predict
mass vaporization rates for a variety of fuels, over a wide range of
pool diameters.

Field models are much more detailed than global models [92].
Rather than one or several zones, these models endeavor to spatially
resolve details of the fire structure. Combustion field models are
related to the subject known as Computational Fluid Dynamics which is
widely used in aerodynamic design. These models typically utilize the k-
¢ strategy for modeling turbulent transport, which treats turbulence by
"time~averaging”. This smears-out the transient large scale cyclical
structures in the flame which were described in Section 1 [93]. A
number of key parameters necessary for accurate k-t modeling have not
been empirically determined for general use and particularly for use in
pool fires [94,95]. These parameters, such as the initial turbulence
intensity, have a strong impact on the calculated temperature and
velocity fields [46].

The key to prediction of mass vaporization rates is proper
modeling of radiative transfer to the fuel surface, which is the
dominant heat transfer mode for large diameter pool fires. This implies
that the time varying distribution of temperature and soot volume
fraction must be modeled with some accuracy, especially near the fuel
surface. Field models incorporating realistic chemistry (e.g. including
the intermediate species, carbon monoxide and molecular hydrogen) have
reported physically reasonable calculated flame temperatures [93,96].
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More difficult will be estimation of the soot volume fraction. Even for
simple laminar flames, prediction of the soot volume fraction
distribution from fundamental kinetics and reduced chemical models has
been a challenging problem [97,98]. Only recently has some success been
obtained for simple fuels [99].

Recent models using Lagrangian simulations of particle and
thermal element trajectories in isothermal plumes [100] and jet flames
{101], in conjunction with solutions of the energy and species
conservation equations inside each of the reacting thermal elements
[102] may provide a reasonable approach for predicting the soot and
temperature distributions in poecl fires. Simulations of radiative
transfer could then determine radiative flux to targets internal or
external to the fire [49,103). Both zone and field models continue to be
developed. It is hoped that within the near future these models will
provide a basis for prediction of pool fire vaporization rates for
varying scale and fuel type. However, much work remains to be completed.
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