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Pool Fire Burning Characteristics of Biodiesels

Abstract

The characteristics of pool fire burning of methyl esters/biodiesels of palm, soybean,
coconut and their blends with diesel were compared against baseline diesel. Pool fires were
established and investigated using four different crucible sizes, ranging between 40 and 70 mm
in diameter to obtain the mass burning rate, flame height and emissions of NO, CO, and SO>
under diffusional flame mode at unconfined atmospheric conditions. The mass burning rate
increased with increasing crucible size for all tested fuels, with biodiesel showing higher mass
burning rates when compared with diesel. Modified empirical correlations for estimating fuel
mass burning rate and flame height showed good agreement with experimental data. Emission-
wise, biodiesels generally exhibited higher specific NO emission level than baseline diesel.
Blending biodiesel with diesel resulted in an increase of NO level. CO emissions showed a
reverse trend, where diesel showed higher emission values than all biodiesels. Burning of neat
palm and coconut biodiesels showed non-existent SO, emission. The experiment showed that
the oxygen content in biodiesel assists in pool fire combustion, as evident by the higher mass
burning rate as compared to diesel. Soybean biodiesel with higher density exhibited higher
mass burning rate as compared to palm and coconut biodiesels. Biodiesel with high level of

unsaturation produced lower NO but higher CO emissions.
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1.0 Introduction

Biodiesel is an oxygenated, renewable and biodegradable alternative fuel that has
shown to produce considerably lower soot, unburned hydrocarbons (UHC) and particulate
matter (PM) than diesel [1, 2]. In addition, biodiesels also possess very similar cetane number
(CN), calorific value and viscosity to diesel, making them a favoured alternative fuel to fulfil
the energy demand in many countries [2]. Recent outlooks have projected that energy demand
for biodiesels is expected to grow by a factor of approximately 7 by year 2035 [3]. With
growing popularity in the use of biodiesel, safety concerns on biodiesel also increase. Biodiesel
spills could happen just like fossil fuel during handling or transportation, resulting in hazardous
pool fires that may cause serious catastrophes. It is therefore imperative to understand the pool
fire characteristics of biodiesel.

There have been numerous studies on petroleum fuel pool fire characteristics. The
effect of different pan diameters on mass burning rate were studied [4, 5]. These studies showed
that mass burning rate of the fuels escalate as the pan diameter increased, owing to the greater
surface area available for burning. Meanwhile, fuel density is another controlling parameter
that affects the mass burning rate [6]. Higher density fuels were found to render higher amounts
of mass whilst burning at a fixed area, elevating mass burning rate inherently. To simulate a
more practical case, a longitudinal wind flow was added to the study of n-heptane pool fires
and its effect on mass burning rate was investigated [7, 8]. It was found that increasing the
longitudinal air velocity increases the fuel mass burning rate for a given pool size. However,
this was only valid when heat release rate prevails the cooling effect from accelerated air flows.
In another investigation on longitudinal air flow effects, it was found that for a given pool size,
the mass burning rate for a small square pool (7.5 cm and 10 cm) increases almost
monotonically with increasing air speed [9]. However, for a 30 cm square pool the mass

burning rate was found independent of the air flow velocity [9]. Conversely, Hu et al. [10]



reported that for square pools smaller than 30 c¢cm, fuel mass burning rates vary non-
monotonically with increasing air speed. For air velocities from 1.1 m/s to 3.1 m/s, fuel mass
burning rate exhibits linear decreasing trends from square pools between 5 and 15 cm.
Conversely, fuel mass burning rates show linear increasing trends as the square pool increases
from 15 to 25 cm [10, 11]. Fuel mass burning rates for all crucibles were found higher than that
of quiescent air [10, 11]. Therefore, air flows introduce greater amount of oxygen into the flame,
elevating the flame temperature and heat transfer efficiency from the flame to the fuel surface.
In addition, deflection of the flame also increases at higher air flows, thus heating up the pool
rim and promoting heat transfer to the fuel [8, 12, 13].

Estimating the flame height of a pool fire is of essential importance as it determines
how the flame would interact with its surrounding. Thomas et al. [14] first derived basic
parameters that determine the flame height. These parameters include pool diameter, mass
burning rate, fuel density, gravity and the expansion coefficient of air. Heskestad [15]
examined data from several published works and found that the normalised flame height (L/D)
is proportional to the fuel burning rate parameter (Q%/D%), where L is flame height, D is pool
diameter and Q is heat releases rate. The effect of gravity on flame height was examined by Ito
et al. [16, 17]. The effect of low gravity level (non-dimensional gravity level, G<1) was
considered using crucible diameters ranging from 20 to 40 mm. Flame height variations of
acetone, n-heptane, kerosene against gravity level 0.55-0.70 were studied. It was reported that
the flame height exhibits linear correlation to gravity levels with a gradient of 1/4. The effect
of the crucible aspect ratio, n (ratio between long side and short side length of the crucible), on
flame height was examined by Tu et al. [18]. It was demonstrated that using ethanol and n-
heptane pool fires that the flame height exhibited decreasing trends as the crucible aspect ratio
increased. The flame height for n-heptane and ethanol decreased by a factor of roughly 1.25

and 2.6, respectively, as n increased from 1 to 8. Tang et al. [19] reported in year 2015 that the



flame height for acetone pool fires was marginally higher under atmospheric conditions (1 bar)
than that of sub-atmospheric (0.64 bar) cases. At cross flow air velocities of 0.5 m/s and
crucible aspect ratios of 8 the flame height under atmospheric conditions was approximately
0.02 m higher than that of sub-atmospheric condition. This is mainly due to the lower air
density and entrainment at sub-atmospheric condition.

Smoke is the combination of soot and toxic gaseous products from burning materials
[20]. These gaseous products comprised of nitric oxide (NO), carbon monoxide (CO), and
sulphur dioxide (SO>) present great threats to individuals involved in fires. It was reported that
more than 50% of all fatalities can be attributed to the inhalation of smoke and toxic gas in the
UK and US cases [20]. It is possible to determine available safe egress time, i.e., the time
between fire detection and the onset of conditions which are hazardous to continued human
occupancy, based on the rate of fire and emissions growth [20]. Considering these aspects,
emissions from the various pool fires have been quantified by several works. Koseki and
Mulholland [4] demonstrated using crude oil pool fires whose concentration of CO in the
smoke exhibits exponential growth as crucible diameter increased from 0.6 to 3 m. Smith and
Cox [21] reported that peak CO concentration takes place at farther fuel-rich concentrations
than the stoichiometric mixture fraction. Chen et al. [22] found that CO concentration increases
linearly with increasing radiant heat flux for diesel, kerosene and lubricating oil pool fires.
Carbon monoxide concentration for diesel was found to be higher than kerosene by a factor of
1.46 at 10 kW/m? radiant heat flux. Tran et al. [23] showed that for pool diameters of 57 mm,
CO emissions from diesel are higher than SME by a factor of approximately 4.5. Nitrogen
oxide emissions for SME were only marginally higher when compared with those of diesel.

The burning characteristics of biodiesel under a pool fire configuration has received
comparatively lesser attention than diesel. Biodiesel can be produced from a variety of

feedstocks characterised by a wide range of fatty acid compositions. Thus, it is of no surprise



that the properties of biodiesels exhibit different physical, chemical and burning characteristics.
For example, the level of unsaturation degree in biodiesel was shown to be a major reason for
the change in nitrogen oxide (NOx) emissions [24] and soot [25]. Tran et al. [23] showed that
diesel fuel blended with higher fractions of biofuel resulted in lower level of mass burning rates,
marginally decreasing flame height in a diffusion pool flame configuration. In a biodiesel pool
fire study, the mass burning rate of biodiesel was shown to differ with fuel thickness and pool
size [26], but the study on the influence of degree of unsaturation was not investigated.

In the present work, three biodiesels of varied unsaturation degree, notably palm (PME),
coconut (CME) and soybean methyl ester/biodiesels (SME) are used to establish pool fires to
investigate their burning characteristics. The effects of physical and chemical properties on
flame height, appearance, mass burning rate and emissions are compared with baseline diesel.
The data obtained can serve as validation targets for biodiesel pool flame modelling, as well as

reference for storage, handling and transporting.



2.0  Experimental
2.1  Fuel Preparation

Biodiesels of soybean, coconut and palm were produced in-house using cooking oil via
the transesterification process. The cooking oil was initially heated up to 60 °C before mixing
with blends of methanol and potassium hydroxide (KOH) at the ratio of 113.7:50:1 by mass.
A magnetic stirrer was used to stir the mixture at 60 °C for 3 hours. The blended mixture was
collected after 3 hours and was left overnight to allow separation of biodiesel and glycerol. The
formed biodiesel located on the top layer was poured into a clean beaker and heated up to
120 °C for 4 hours to vaporise the water and methanol. The produced biodiesels were
characterised using a gas chromatography (GC, Agilent 7620A) based on standard EN 14103.
The GC result shows that 98% biodiesel yield was achieved. The standard diesel used as

baseline was purchased from a local petrol station.

2.2 Fuel Properties

Biodiesel consists of a mixture of fatty acid methyl esters. Biodiesels produced from
palm, soy and coconut are also known as palm methyl esters (PME), soybean methyl esters
(SME) and coconut methyl esters (CME), respectively. The approximated fatty acid
compositions for PME, SME and CME are shown in Table 1. Fatty acid analysis shows that
CME is composed of shorter chain fatty acids as compared to SME and PME. SME consists of
a high level of fatty acids with double bonds, while CME contains the least unsaturated fatty
acids. This fact results in the low unsaturation degree of CME compared to SME, while the
PME’s saturation level is in-between. The fuel physical and chemical properties of all

biodiesels and diesel are shown in Table 2. Biodiesel is notably less volatile and shows higher



viscosity than diesel. The lower volatility of biodiesel results in higher flash point as compared

to diesel. Due to the presence of oxygen in biodiesel, the caloric value for biodiesel is roughly

12.3-17.3% lower than diesel on mass basis. The molecular weight for biodiesel is generally

higher than diesel, hence the density is higher for the former.

Table 1 Percentage of fatty acids composition in PME, SME and CME.
Fatty No of Carbon: Composition (% wt)
Acid double bond Structure PME SME CME
. o)
Caprylic (C8:0) /v\/\)j\ 0.8 - 6.8
OH
Capric (C10:0) /\/\/\/\JOLOH - i 5.4
Lauric (C12:0) /\/\/\/\/\)OLOH i 01 477
. o)
Myristic (C14:0) /\/\/\/\/\/\)L 1.1 0.1 18.5
OH
Palmitic (C16:0) /\/\/\/\/\/\/\)OL 425 11.6 9.1
OH
. 0
Stearic (C18:0) /\/\/\/\/\/\/\/\)LOH 4.2 3.9 2.7
. o)
Oleic (C18:1) \/\/\/\/W\/\/\)L 41.3 23.7 6.8
— OH
L o)
Linoleic (C18:2) W_VW\/\)LOH 9.5 53.8 2.1
: : 0]
Linolenic (C18:3) - 5.9 0.1
SNENE OH
Others 0.6 0.9 0.8




Table 2 Physical properties for diesel, PME, SME and CME.

Properties Unit Diesel PME SME CME
Cf [% wi] 87.4 76.0 77.2 73.9
Hi [% wi] 12.6 12.2 11.8 12.1
of [% wi] 0.0 11.8 11.0 14.0
Lower Heating Value' [MJ/kg] 42.6 374 37.0 35.2
Density" [kg/m?] 843.3 867.7 882.0 874.0
CN' [-] 50.0 62.0 47.0 59.3
Flash Point'T [°C] 65.0 163.0 159.0 113.0
Kinematic Viscosity '
40°C) [mm?/s] 2.7 4.6 4.3 2.8
Molecular Weight” [g/mol] 226.0 270.1 292.2 229.1
¥ Measured
¥t Taken from [27, 28]
* Calculated

2.3  Experimental and measurement techniques

Four circular stainless-steel crucibles with inner diameters of 40 to 70 mm were used
to investigate the pool fire behaviour of the various tested biodiesels. The depth for all crucibles
was 26 mm. To establish a pool fire, the crucible was filled with liquid fuel, then it was placed
on a hot plate and heated to the temperature of the fuel’s flash point. An infrared thermometer
(BENETECH GM320) was used to monitor the fuel temperature. The pool fire was then ignited

and stabilised with a flame torch. Fig. 1 shows the schematic of the experimental setup.
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Fig. 1 Schematic diagram of experimental setup.

The mass burning rate (MBR) of liquid fuel was calculated based on the

equation MBR = %, where m; is the initial mass of the fuel, m is the final mass of fuel

and At is the time interval. The mass of the fuel was measured by using a weighing scale, while
the mass burning rates were determined after 10 minutes of burning the pool. The global flame
appearance was recorded using a SONY NEX-5 digital camera at 30 fps frame rate and 1920
x 1080 resolution. The mean flame height was determined based on the 0.5 intermittency
criteria due to the pulsating nature of the fire plume [29, 30]. The intermittency refers to the
fraction of time at which part of the flame is higher than a specific vertical elevation, z, from
the fire source [29, 30]. The post-combustion emission products of nitric oxide (NO), carbon
monoxide (CO), and sulphur dioxide (SO) were measured using a gas analyser (ECOM J2KN
Pro). Calibration gases were used to calibrate the gas analyser prior to measurements. The
sampling tube has an inlet diameter of 5 mm. The probe continuously samples for 2 minutes to

allow readings to reach steady state condition. The emissions measured include NO, CO and



SO». The range of measurements, resolution, uncertainty and propagated errors of the gas

analyser are summarised in Table 3.

Table 3 Gas analyser specification.

Sensor Range Resolution Uncertainty Pr()Ep)i%arted
NO 0-5000 ppm 1 ppm + 5 ppm 30.3%
CO 0-4000 ppm 1 ppm +5ppm 0.82 %
SO 0-5000 ppm 1 ppm + 5 ppm 12.34 %
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3.0  Results and Discussions
3.1 Mass Burning Rate

Mass burning rate (MBR) is an important parameter for quantifying the size of the pool
fire and determining the radiative heat flux received by the nearby combustible items [20]. The
effect of increasing biodiesel percentage in diesel on fuel mass burning rate is shown in Fig. 2.
Overall, the neat biodiesels (B100) show overall higher burning rates than B20 (20/80
biodiesel/diesel blend) for all crucibles shown. For the 40 mm crucible, MBR for CME, SME
and PME blends increase by a factor of approximately 1.1-1.4 from B20 to B100. Among the
blends, there is no clear distinction between the mass burning rates. CME blends show slightly
higher burning rates than PME and SME blends for 50 and 70 mm crucibles but the difference
is not evident for 40 mm crucible. PME blends show lower mass burning rates for the 50 mm
crucible, but much closer to CME and SME counterparts when burning with other crucibles. It
is noted that the measured MBR values such as those exhibited by PME B60 in Fig. 2b does
not fall within the expected linear trends. This is believed to be caused by random errors such
as uneven vaporisation of the fuel on the pool surface, leading to pulsed uneven burning rates
based on convection of the vapour that caused the flame to flicker. Another possible reason is
the effect of ambient draft that affects the burning rate. These effects were not quantifiable in
the current setup, although they may have contributed to these deviations.

Comparison of the MBR between neat biodiesels and diesel at different crucible sizes
is shown in Fig. 3. The burning rate for all fuels increases with the increase of crucible size,
owing to the larger surface area available for burning [4]. This renders higher heat transfer rate
from the flame to the liquid fuel pool surface, promoting fuel vaporisation on the pool surface
which leads to higher burning rate. It was previously identified that conduction is the main heat
transfer mechanism for crucibles with an equivalent diameter (Deq) much smaller than 1 m,

while heat transfer via convection and radiation prevails as Deq increases [31].

11



w ($)] ~ (3]
I

w (3] ~ =
I

Mass Burning Rate (glm2- s)

w O ~ O -
| |

|

-—

o

20

—B— PME —%¢— SME —— CME

40
Biodiesel Percentage (%)

60

80

100
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Fig. 3 Comparison of mass burning rate between PME, SME, CME and baseline diesel for
different crucible sizes.

The MBR for diesel is consistently lower than all biodiesels for all crucible sizes, partly
due to the higher density of biodiesels that renders more fuel mass to be consumed for a given
surface area as compared to diesel. Furthermore, combustion of diesel resulted in sootier flames
than those from biodiesels [32]. Sootier diesel flames may incur higher radiative heat loss and
cause the flame to burn at lower temperature [33], hence the amount of heat transferred back
to the pool surface via conduction is reduced, resulting in lower MBR as the fuel decomposition
rate is lower. For biodiesel, the presence of fuel-bond oxygen results in more complete
combustion, thus the flame temperature is expected to be higher than diesel [33]. As a result,
more heat is conducted back to the pool surface, causing higher MBR when compared with
that of diesel.

Among the tested biodiesels there is no distinct trend in the burning rates. The highly
unsaturated SME tends to show slightly higher burning rates (except for a crucible diameter of

40 mm), while PME with a medium saturation level shows the lowest burning rate. CME,

13



which contains the highest oxygen to carbon (O/C) ratio, is expected to have lower radiative
heat loss due to higher soot oxidation rates [33]. SME with higher unsaturation degree is
expected to be sootier and may cause higher radiative heat losses [25, 33]. This fact should lead
to lower heat conduction for SME and subsequently lower its MBR. However, the trend
indicates the opposite, thus neither the heat transfer nor the chemistry are the dominant effects
that control the biodiesel MBR. The higher density of SME could be the primary factor that
promotes fuel burning rates, causing a slightly higher burning rate than CME and PME.

Fuel MBR is of importance in determining the amount of radiative heat flux delivered
to the adjacent pool surface [20]. The MBR of fuel (1) is thus estimated based on the empirical

equation (Eq. 1) [34]
T = Titg, [1 — e(“*Ped)] @)
where m,, and k are maximum MBR and rate of growth, respectively. The present

study shows that m., and k in Eq. 1 are correlated to the fuel density (ps) via empirical

correlations as shown in Fig. 4, where both m., and k are linear functions of p.

14



a
“w X
Lo40t .
S
S~
S
230 - The = (2.17210 *py) — 149.2 1
& R2=0.93
20
4
b
E3f X |
x k=(8.81x10°%p) - 4.45
R%=0.83
2 | |
8.3 8.5 8.7 8.9
Density (g/m°) x10°

Fig. 4 Correlation of (a) m,, and (b) k as a function of fuel density.

Eq. 1 is subsequently revised using the empirical correlations delineated in Fig. 4. The
revised correlation is supported by the fact that fuel density is known to be an important
controlling parameter that affects mass burning rate [6]. Figure 5 shows how the modified Eqg.
1 predicts the experimental MBR reasonably well. The soy biodiesel MBR produced by Tran
et al. [23] is included in Fig. 5¢ for validation purposes. The empirical models shown in Fig. 4
are sufficiently reliable to estimate the m,, and k for diesel and biodiesels of different feedstock

for crucible inner diameters of 40 mm < De¢q < 70 mm, given that pf is known.
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Fig. 5 The predicted MBR for (a) Diesel, (b) PME, (c) SME and (d) CME at different crucible
size.

Despite Fig. 5 shows good correlation between experimental and predicted results, it
should be emphasised that the proposed empirical correlation is applicable only to crucible
diameter below 0.1 m, where the flow field of the flame is considerably laminar. The maximum
MBR for diesel in Fig. 5 is lower than those reported by Chatris et al. [5] and Munoz et al. [35]
by a factor of approximately two. This is presumably due to the prominence conductive heat
transfer to the crucible wall that lowers the maximum achievable MBR in small crucible [20].
Since the variation in crucible diameter is only marginal in this study, it was assumed that
variation of heat conduction rate to the crucible wall among crucibles are not significance. As

such, heat conduction rate was assumed to be uniform for all crucibles examined. Moreover,
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fuel height was kept at 20 mm for all types of fuels and crucibles examined, it was further
assumed that the effect of lip height will be the same for all cases. Meanwhile, the constant k
for the present study is higher than those reported by Chatris et al. [5] and Munoz et al. [35] by
a factor of approximately 3-5. This is mainly due to k being more sensitive to the variation in
crucible diameter in this regime (MBR is independent of the variation in crucible size when

crucible is sufficiently large [36]).
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3.2  Flame height

The pool fires appearance for diesel and neat biodiesels (PME, SME and CME)
established with 40 and 60 mm crucibles are shown in Fig. 6. The flames established by all
fuel types were bright, luminous orange-yellow, mainly due to the thermal radiation emitted
by soot particles under pyrolytic condition. The heat generated from the flame decomposes the
fuel molecules on the pool surface. These unoxidised fuel fragments subsequently collide and
merge to form larger molecules, i.e. polycyclic aromatic hydrocarbon (PAH), which serves as
the precursor for soot formation. The collision and condensation of PAHs form clusters that
subsequently coagulate into soot particles [37].

40 mm Crucible
22
20

15
10

5

0
cm

60 mm Crucible

22
20
15
10
cm f L y
PME SME CME

Diesel

a
T

o
I

Fig. 6 Instantaneous flame images of diesel, PME, SME and CME established with 40 mm
and 60 mm crucibles.
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Figure 6 compares the flame height of diesel against neat biodiesels for 40 and 60 mm
crucibles. Larger crucibles enable more fuel to be burned. Consequently, greater amount of air
is entrained into the flame to react with the volatiles. The interaction between ambient air
entrainment and lower density within the flame produces buoyancy-driven flows that
inherently elevate the flame to a higher vertical position [20]. The Thomas correlation [38, 39]

indicates that the non-dimensional flame height of a pool fire, L/D,, is a linear function of

[n’z/pm\/gTeq]0'61 , Where L, p,, g represent the flame height, ambient air density and
gravitational acceleration, respectively. Despite Thomas correlation was derived using highly
turbulent flame (large pool fire), reviews by Heskestad [29] and Drysdale [20] had shown that
gradients (m) between normalised flame height and fuel burn rate parameter are not constant
as fuel burn rate parameter varied. This signifies that different regimes have their own m and
y-interception (c). As such, the present study attempts to modify Thomas correlation for smaller
crucibles with a considerably laminar flow field. The present research proposes that gradient
(m) and y-interception (c) of Thomas correlation are correlated to py and cetane number CN,
respectively, via empirical correlations as in Fig. 7. The Cetane number is a key parameter in
internal combustion engines to assess the ignition properties of fuels. Since biodiesel is widely
used as a replacement fuel for diesel fuel, cetane number is termed as a good parameter to
correlate diesel and biodiesel with mass burning rate and flame height. The modified Thomas

model is given by Eq. 2.

0.61
L
= (=5.15p, + 5197) Ll + (~0.0175CN + 2.52) @
Deq P gDeq

19



1100 1 T

a
900 - A
E X
700 -
X
m = (-5.15p)+ 5197
R?=0.87
500 ' '
830 850 870 890
Density (kglm3)
4 \ T
b
3 ¢ = (-0.0175CN) + 2.52 .
R%=0.75 j
02 7
X— A%
- —x
1+ i
0 Il |
40 50 60 70
CN

Fig. 7 Correlation of (a) m and (b) c as a function of fuel density and CN, respectively.

The experimental results published by Leite and Centeno [40] and Tran et al. [23] are
included in Fig. 8a for validation purposes. It is demonstrated that Eq. 2 can estimate
normalised diesel flame height from previous studies satisfactorily. Biodiesels flame heights
estimated using Eqg. 2 are plotted in Fig. 8b-d. Overall, the modified Thomas model shows good

agreement with normalised diesel and biodiesels flame heights for 6.71x10* <
[m/pom/gDeq]o'G1 < 1.87x107%, indicating that Eq. 2 is capable of estimating flame height for
biodiesel produced from a variety of feedstock for 6.71x10% < [r/pe/gDeq] < 1.87X1073,

given that Deq, pr and CN are known. The value for m can be calculated via Eq. 1 and

correlations from Fig. 4. This research unveils that existing empirical models for the relatively

20



large pool diameter can be modified for use in smaller pool diameter as well. The general trends

also hint on the applicability of the model over various sizes.

L L
45 = 850.71( )0-61 4+ 1.65 | 45 = 724.96( )0-61 + 1.44
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Fig. 8 (a) Diesel, (b) PME, (c) SME and (d) CME flame heights against respective mass burn
parameter, based on Thomas correlation [38, 39].

Figure 8 also shows that flame height for diesel is marginally taller than biodiesels,
despite the lower mass burning rate for the former (Fig. 3). This is primarily due to the higher
sooting tendency for diesel. Soot particles that are not completely oxidised travel further
downstream of the flame in search for oxidiser, thus extending the flame height [41]. Among
the biodiesels tested, highly unsaturated SME tends to produce more soot than PME and CME

[42], thus the flame height for SME is visibly taller than that of PME and CME.
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3.3 Post-combustion Emissions
3.3.1 Carbon monoxide (CO)

Production of CO is pronounced when the supply of oxygen is insufficient to oxidise
all carbon into carbon dioxide. The CO emissions of different blends of SME, PME and CME
are compared with diesel as shown in Fig. 9. The overall trend shows that specific CO emission
reduces while increasing blend ratios for all crucible size. Neat biodiesels show the lowest CO
emission level, with approximately a factor of 2-3 reduction as compared to B20. This indicates
the effectiveness of biodiesel in suppressing CO emission under fuel-rich buoyancy-controlled
diffusional burning modes. Although a general reduction trend of CO with respect to increasing
biodiesel fraction is shown, some points such as those of PME B40 and PME B60 for 40 and
50 mm crucibles, respectively, show higher than expected values, probably due to the fact that
buoyancy effects of the flame and the uneven vaporisation of the fuel from the pool surface are
not quantified in the present setup. Figure 10 compares the CO emissions of neat biodiesels
with diesel using different crucible sizes. The reduction of specific CO emissions for diesel is
significant when increasing the crucible size, exhibiting an exponential decreasing trend. The
flame height increases with crucible size. A taller flame is also subjected to greater amount of
air entrainment, where more oxygen is introduced to convert CO into CO3. This explains the

inverse trend of CO emission with the increase of crucible diameter.

22



0 | | | |
0 20 40 60 80 100 120

Biodiesel Percentage (%)

—B— PME —%—SME —)— CME

Fig. 9 Comparison of specific CO emission for different blend percentage of PME, SME and
CME with diesel for (a) 40 (b) 50 and (c) 70 mm crucibles.
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Fig. 10 Comparison of specific CO emission between PME, SME, CME and baseline diesel
for different crucible sizes.

Biodiesel flames produce consistently lower CO compared to diesel for all used
crucibles. As all the tests were conducted in the same quiescent environment, the lower CO
emission for biodiesel as compared to diesel can be attributed to fuel-bonded oxygen, which
serves as an additional oxygen supply to the combustion process that assists in the oxidation of
CO into CO.. Among the tested biodiesels, results show that SME produces the highest CO,
followed by PME and CME. This is because CME possesses the highest O/C ratio that enables
further CO oxidation processes. SME contains the lowest O/C ratio, thus the CO emission level
is the highest among all biodiesels. Meanwhile, the sooting tendency for biodiesel is another
factor that may determine CO formation. SME produces higher soot levels as compared to
PME and CME, mainly due to its highly unsaturated nature [25], leading to greater radiative
heat loss that lowers the flame temperature and slows down CO oxidation rates [33, 43]. PME
and CME that exhibit higher O/C ratios are expected to have higher flame temperature [33],

thus facilitating CO oxidation, leading to lower CO emission [43].
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3.3.2 Nitric oxide (NO)

Nitric oxide is produced by the oxidation of nitrogen during the combustion process.
Comparison of the NO emissions of biodiesel blends with diesel for SME, PME and CME is
shown in Fig. 11. In contrast to CO, NO emissions show an increasing trend with respect to the
increase of biodiesel blend percentage. The increase of blend ratio from 20% to 80% resulted
in the increase of NO by a factor of 2-3 for all blends. For the 70 mm crucible test, all three
blend types exhibit similar NO levels, except at B100 when neat biodiesel was used. The
increase of NO emission seems linear with the increase of blend percentage, especially for 50

and 70 mm crucibles.
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Fig. 11 Comparison of specific NO emission for different blend percentage of PME, SME
and CME with diesel for (a) 40 (b) 50 and (c) 70 mm crucibles.
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The NO emission of diesel and neat biodiesels are compared in Fig. 12 using different
crucible sizes. It can be observed that both fuels show distinct NO reduction as the crucible
inner diameter increases from 40 to 70 mm. This is partly due to higher amounts of air
entrainment into the flame reaction area, resulting in overall flame temperature reduction.
Another reason is the increased amount of oxygen available for complete oxidation into NO-

(nitrogen dioxide) from NO.
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Fig. 12 Comparison of specific NO emission between PME, SME, CME and baseline diesel
for different crucible sizes.

The higher emissions of NO for biodiesel can be attributed to the higher flame
temperature which promotes NO production through thermal NO routes [33]. The NO
produced via thermal mechanisms can be approximated by the equation
[NO] = ke X/T[N,][0,]*/?t , where T is the absolute temperature, t is residence time, k and
K are reaction constant [44]. The biodiesel flame temperature is expected to be higher than for

diesel, owing to the lower biodiesel sooting tendency that reduces radiative heat losses [33]. In
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addition, the fuel-bond oxygen in the biodiesel molecule also assists in the local combustion
and elevates the flame temperature, thus directly promoting thermal NO production.
Comparison among the biodiesel shows that CME produces the highest NO levels, followed
by PME and SME. The higher oxygen level in CME results in higher flame temperatures that

contribute to higher thermal NO formation.

3.3.3 Sulphur Dioxide (SOz)

Sulphur contained in the fuels will be converted into sulphur oxide (SOx) during
combustion. Comparison of the specific SO, emissions as a function of biodiesel blends is
shown in Fig. 13. The SO2 emission level shows a general decreasing trend with increase of
biodiesel percentage for all crucible sizes. This is expected as the sulphur content reduces with
increasing the amount of biodiesel fraction in the fuel. Interestingly, a “surge” in value is seen
for the case B60 for SME at 40 mm crucible size. The probable reason for the outlier could be
the uneven liquid vaporisation caused by the buoyancy effect or the random error induced by
the sensor in the gas analyser. For neat biodiesels, virtually no SO, was produced by the flame.
Furthermore, the amount of SO emission levels is comparable for all crucible sizes, which is
within the range of 0-200 mg/m?.kW, although the 40 mm crucible tends to show slightly lower
SOz on average due to lower mass burning rates. SME blends show higher tendency for SO>
production, followed by PME and CME. The higher SO, emission by SME indicates that it

contains higher sulphur contents than PME and CME.
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Fig. 13 Comparison of specific SO, emission for different blend percentage of PME, SME
and CME with diesel for (a) 40 (b) 50 and (c) 70 mm crucibles.

Figure 14 compares the SO> emissions for diesel against that of neat biodiesels using
different crucible sizes. Pure PME and CME produce virtually no SO, while SME exhibits
considerable increase of SO, emissions up to 50 mg/m3.kW as the crucible inner diameter
increases from 40 to 70 mm. In contrast to biodiesels, diesel produces the highest level of SO-
for all tested crucibles. The trace amount of sulphur in biodiesel is dwarfed when compared to

fossil-based diesel. The reduced amount of SO for biodiesel/diesel blends is desirable from
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the perspective of regulating emissions, in particular for the transportation industry. In contrast

to CO and NO, SO emissions increase with the crucible size due to the increasing mass burning

rate. The finding indicates that greater air entrainment for larger crucible does not dilute SO..
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Fig. 14 Comparison of specific SO. emission between PME, SME, CME and baseline diesel
for different crucible sizes.
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4.0  Conclusions

The burning characteristics of pool fires for diesel, SME, CME, PME and their blends
with diesel were compared using crucibles of different diameters. The established pool fire
shows distinct luminous orange-yellow profiles typical of diffusional flames, owing to the
radiation from burning soot particles. Biodiesels exhibit higher mass burning rates compared
to diesel, partly due to the oxygen content in the fuel that assists in the combustion process,
higher density and lower radiative heat loss. Among the tested biodiesels, SME shows slightly
higher mass burning rates than PME and CME. An empirical model for estimating fuel MBR
was proposed in this study, which shows good agreement with experimental data. Thomas

correlation was revised to estimate flame height. The revised model correlates well with

experimental data for a range between 6.71x10% < [m/poo\/gTeq]O'61 < 1.87x10°3. The present
study shows that existing empirical models for the relatively large pool fire can be modified
for use in pool fires with smaller crucible sizes.

For the emission tests, biodiesels in general produced lower CO and higher NO as
compared to diesel. The presence of oxygen in the biodiesel assists in more complete oxidation
of CO into CO2, while concurrently assisting in localised combustion, elevating the flame
temperature that leads to increase NO production. The effect of crucible size on specific CO
and NO emissions is evident, as more air is entrained into the flame to assist oxidation, resulting
in further reduction of specific CO and NO production. For SO emissions, the sulphur is
largely contributed by diesel, thus an increase in the biodiesel fraction in the blend results in
reduced SO emissions. SME shows slightly higher SO, as compared to PME and CME due to
the inherent sulphur content in the fuel. The present study shows that the characteristics of pool
fires are affected by the physio-chemical properties of the fuels, where biodiesel exhibits

slightly different burning characteristics when compared to that of fossil diesel.
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