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Abstract - To burn dense, viscous combustibles like Heavy Fuel-Oil as a water-in-oil 
emulsified combustible enables to decrease the emission of solid carbonaceous residue, in 
comparison with raw, non-emulsified combustible. This is due to the phenomenon of 
micro-explosion, meaning the rapid (<0.1 ms) vaporization of the inside water droplets 
ofcthe emulsion, breaking up the initial emulsion droplet. This phenomenon is also called 
the “second atomisation” among the spray of emulsified combustible. The present work is 
based on a small-scale furnace (~200 kW) feed with Heavy Fuel-oil mixed with 10% of 
diesel, with and without emulsion of water. The emulsification of combustible enables to 
record a reproducible lowering in emission of carbonaceous residue from combustion of 
emulsion, in comparison with raw Fuel, added with a variation in granulometry of 
carbonaceous residue, indicating the second atomisation. 
Keywords: Micro-explosion - Emulsion - Carbonaceous residue - Heavy Fuel-Oil 

 
1. INTRODUCTION 

Heavy Fuel-Oils, used engine oil or animal fat can be used as combustibles. To burn 
these combustibles as a water-in-oil emulsion enables to diminish the flame length 
(Mizutani 2001) and the emission of carbonaceous residue (Mattiello 1992 and Sjögren 
1977) in comparison with the raw, non-emulsified combustible. These effects are due to 
the micro-explosion, which means the fast (< 0.1 ms) vaporization of the inside water 
droplets in the emulsion. 

They are breaking the initial emulsion droplet up into numerous and smaller 
‘daughter-droplets’: this is the second atomisation. By the way, the area of the interface 
between the oxidant air and the liquid combustible is dramatically increased, while 
combustion duration is also reduced. The mixing with 10 or 20 % vol. of diesel is 
cutting viscosity of the emulsified Heavy Fuel-Oil, so that it can be used on a small-
scale furnace (~200 kW) without heating of the tank and the furnace piping.  

This blend is emulsified with a proportion of water between 2 and 6 % Vol. A 
furnace (of brand Monarch) is used at a power of ~200 kW. The concentrations of gases 
issued from combustion process (O2, CO2, CO, NOX) are measured. 

The granulometry of carbonaceous residue is extracted from the “laser light 
scattering” measurement technique (of brand Grimm E-107), for relative measurement 
of the quantity of particles with diameter ranging between 0,5 and 20 µm. These 
diameters correspond to the ‘cenosphere’ kind of carbonaceous residue, formed inside 
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the liquid phase of combustibles like Heavy Fuel-Oil, especially when containing 3 to 
15 % of asphaltene, precursor of carbonaceous residue (Urban 1992). Furthermore, the 
diameter of the cenospheres is representing the diameter of the liquid droplets where 
they were formed (Marrone 1984).  

As a consequence, the granulometry of carbonaceous residue from emulsified 
combustible can be considered as an indicator of ‘second atomisation’ when compared 
to the same granulometry for raw, non-emulsified Fuel.  

The µP indicator, accounting for global emission of carbonaceous residue is the ratio 
between the total mass rate of carbonaceous residue in the measured range of diameter, 
and the mass rate of Heavy Fuel-Oil, as a part of the injected combustible within the 
furnace. 

2. EXPERIMENTAL FACILITY 
The furnace is a small-scale device (max. 300 kW) supplied by an emulsification 

tank (Fig.1, ‘FOL’ meaning Heavy Fuel-Oil). The Heavy-Fuel Oil is heated to a 
temperature of 70 °C to be brought to this emulsification tank, so that its viscosity is 
reduced and its in-piping flow made easier. Nevertheless, the 800 liters emulsification 
tank is neither heated, nor thermally insulated. It is topped by an 11 kW electrical mixer, 
moving an optimised helix for emulsification use.  

After the Heavy Fuel-Oil, the other components of the combustible are inserted 
directly through the cover of the emulsification tank, always in the following order: 
diesel, surfactant and water. 

The furnace is of horizontal, cylindrical shape, with 1.20 meter in length and 0.54 
meter in diameter. At the extremity of the furnace, the oil burner works at a power 
between 150 and 300 kW. 

 
Fig. 1: Emulsification and combustion facility 

3. METROLOGY 
An analysis room is gathering data of concentration of gases issued from 

combustion: O2, CO2, CO, NOX. Their relative measurement uncertainty are considered 
as 5 %, as considered for the measurement of flow rate of smoke fQ . The percentage 
of air in excess vs. stoechiometric need is a function of the measured concentration [O2], 
calculated by Eq. 1. The thermal efficiency is measured through the mass flow rate of 
water, plus its temperature before and after passing the tubes downstream the furnace. 
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This heating of water is summed up in the process heat uP  (Eq. 2), with a relative 
uncertainty considered as 5 %. The power of the flame is estimated from the flow rate 
of combustible, with a relative uncertainty of 5 %. 
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In order to measure the concentration in solid carbonaceous residue among the 
smoke PC , a sample of smoke is removed downstream the furnace, then brought to a 2-
bar diluter through a hot (180 °C) tube, able to maintain water issued from combustion 
as steam (Fig. 2). The diluter is considered as a division by 9 of the concentration in 
carbonaceous residue PC , without considering uncertainty in this 9 factor.  

 
Fig. 2: Diluter and GRIMM E-107 measurement 

The granulometry measurement device (of brand GRIMM E-107) works by the 
‘Laser Light Scattering’ principle, counting the number of particles belonging to 16 
contiguous intervals of diameter between 0.2 and 20 µm, then calculating a mass 
concentration (mg.m-3) through an arbitrary density for particles, considered as smooth 
spheres having this arbitrary density. The sum of these concentrations is equal to PC .  

As a result, the granulometry of carbonaceous residue and its global concentration 
can undergo comparison to a non-emulsified combustible. This range of diameter (from 
0.2 to 20 µm) stands for the ‘cenosphere’ kind of carbonaceous residue, produced by 
liquid-phase pyrolysis and accounting for ~95 % of the total mass of carbonaceous 
residue issued from the combustion of Heavy Fuel-Oil (Sjögren 1977), the rest being 
called ‘soot’. 

Indeed, Heavy Fuel-Oil contains between 3 and 15 % of asphaltene, being precursor 
of cenospheres (Urban 1992). 

To account for pollution in carbonaceous residue issued from the combustion of 
combustibles mixed with 10 or 20 % diesel and emulsified with water, the Pµ  indicator 
is used (Eq. 3). Pµ  indicates the ratio between mass flow rates of carbonaceous residue 
at the exhaust, and of Heavy Fuel-Oil at the burner. Contrary to the concentration PC , 
this indicator is not intrinsically dependent of the excess in air vs. stoechiometric need. 
This indicator is based on a preliminary measurement of PC  with diesel, having a 
negligible value (less than 1% of its value with pure Heavy Fuel-Oil). 
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The relative uncertainties on the percentage of air in excess vs. stoechiometric need 
%e  and on the Pµ  indicator are resulting from Eq. 4, with the global uncertainty U  

being a function of the uncertainties iu  of different measured variables, as expressed 
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4. COMBUSTIBLE MAKING AND BURNING PROTOCOL 
The combustible is prepared in the emulsification tank (Fig. 1) using the mixing 

device, rotating at a speed between 550 and 800 rotations per minute. The percentages 
shown for the composition of the combustible are volume fractions.  

In order to achieve an industrial valorisation goal, the minimum proportion of Heavy 
Fuel-Oil is fixed at 75 %. The mixing with diesel (10 or 20 %) enables to lower 
viscosity, under the threshold specified by the oil burner for injection (kinematic 
viscosity < 152 mm2.s-1 at 50 °C). 

The water for emulsification is added as 3.5 % Vol., up to 6 %, as fine droplets with 
diameter between 1 and 5 µm, measured by a graduated optical microscope. The 
surfactant (SPAN 83, sorbitan sesquioleate) is added in negligible proportions (‘traces’, 
< 0.5 % Vol.). 

To compare the pollution emitted by the use of different combustibles, identical 
combustion parameters are required (Table 1). The power of the flame cP  is 
proportional to the flow rate of combustible. The air in excess vs. stoechiometric need 

%e  is maintained between 35 and 50 %, so as to ‘frame’ the conditions of industrial 
burning.  

Also, the injection pressure iP  and temperature iT , due to their influence upon the 
shape and granulometry of the combusting spray (Ballester 1994) are maintained to 
stable levels. For a similar oil burner, a multiplication of the injection pressure by 5 is 
necessary to cut the Sauter Mean Diameter (SMD) by half in the injected spray 
(Lefebvre 1996). During a stable run of the furnace for a minimum of 1 h., the 
measurements issued from the different devices are gathered to form the result of the 
concerned run. 

Table 1: Combustion parameters 
Combustion parameters Interval 

CP  [180, 220] kW 

%e  [20, 50] % 

iP  [15, 20] bar 

iT  [100, 130] °C 
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5. RESULTS AND INTERPRETATION 
A first series of preliminary tests, at an intermediate excess of air vs. stoechiometric 

need (e % ~ 20 %) is further investigated by a second series of reproducibility tests with 
(e % ~ 50 %), so as to ‘frame’ the conditions of industrial burning.  

The first series of preliminary tests is based on a mixture (80 % FOL + 20 % diesel) 
in the emulsification tank at the beginning, with adding of water as an emulsion (from 
3.5 to 6 %). 

Indeed, micro-explosion can happen from 2.5 % of water in emulsion, when 
dispersed finely enough (Sjögren 1977) as it is done here (inside water droplets with 
diameters between 1 and 5 µm).  

The Table 2 is gathering the running conditions along this first series of preliminary 
tests, with the thermal efficiency of the furnace cμ . 

Table 2: First series of preliminary tests 
 80% FOL 

+ 20 % Diesel 
Idem  

+ 6% water 
Idem  

+ 3.5% water 
Idem  

+ 4.5% water 

CP  (kW) 180 217 220 215 

%e  28 %+/- 4% 25% +/- 4% 20% +/- 3% 25% +/- 4% 

fQ (m3h-1) 530 +/- 27 590 +/- 30 610 +/- 31 640 +/- 32 

cμ  89% +/- 9% 80% +/- 8% 86% +/- 9% 82% +/- 8% 

2CO (%vol.) 11.5 % 13 % 13.3 % 13 % 

0,PP /μμ (%) 100 +/- 15 104 +/- 15 71 +/- 11 75 +/- 11 

The results of Table 2 indicate a significant lowering of emissions of carbonaceous 
residue (29 % decrease in the Pμ  indicator) compared with the non-emulsified 
combustible. Nevertheless, this decrease in carbonaceous residue is not recorded with 6 
% Vol. water, showing a slight (4 %) increase in Pμ .  

The recorded emissions of carbonaceous residue being dramatically dependent of 
water content, our interpretation is the influence of a phenomenon caused by the water 
content: the micro-explosion phenomenon. 

Figure 3 enables to visualize the optimum of carbonaceous residue, recorded 
between 3.5 and 4.5 % of emulsified water in the combustible. 

After this first series of preliminary tests, a second series  of reproducibility tests 
aims at valorizing a higher content of Heavy Fuel-Oil (~90%), obtaining an optimum of 
carbonaceous residue, similar to the one detected in the first series of runs. At this stage, 
it is also relevant to check the influence of a higher excess in air vs. stoechiometric need 
(~50%), that can enable a more complete combustion of carbonaceous residue, making 
the emulsification useless. 

One can notice (Table 3) an optimum, similar to the one observed during the first 
series of preliminary runs: a 35 % decrease in Pμ  with the 3.5 % water emulsion, and 
also a carbonaceous residue being roughly the same (~5 % difference) for the 6 % water 
emulsion and the non-emulsified combustible. Thus, even at a higher excess in air vs. 
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stoechiometric need (~50 %) offering excellent conditions for combustion, 
carbonaceous residue is undergoing a significant influence of emulsification of the 
combustible. 

 
Fig. 3: Reproducibility – second series 

Figure 4 shows granulometry of carbonaceous residue: the dramatic increase of 
particles with a diameter less than 0.5 µm is interpreted as ‘daughter-droplets’ 
beginning to form ‘cenospheres’ (liquid-phase carbonaceous residue) with the 6 % 
water emulsion, which would not be happening for the 3.5 % water emulsion. This is 
considered as an indicator for second atomisation. 

Table 3: Second series of reproducibility tests 
 90% FOL 

+ 10 % Diesel 
Idem  

+ 6% water 
Idem  

+ 3.5% water 

CP  (kW) 230 210 200 

%e  42 %+/- 6% 49% +/- 8% 50% +/- 8% 

fQ (m3h-1) 700 +/- 35 680 +/- 34 650 +/- 32.5 

cμ  87% +/- 9% 90% +/- 9% 93% +/- 9% 

2CO (%vol.) 6.3 % 6 % 6 % 

0,PP /μμ (%) 100 +/- 15 94 +/- 14 65 +/- 10 

6. CONCLUSIONS 
The process of mixing with diesel and emulsification of Heavy Fuel-Oil is validated 

on a small-scale furnace (~200 kW) by a significant decrease of the carbonaceous 
residue.  

Furthermore, an indicator of second atomisation could be shown, for the 6 % water 
emulsion. Other measurements, such as laser diagnostics along the combusting spray, 
could enable investigations upon the observed optimum in carbonaceous residue. 
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NOMENCLATURE 

PC  Concentration in solid residue (mg.m-3) 
%e  Excess vs. stoechiometric air (%) 

FOL  Heavy Fuel-Oil 
FOL,iQ  Flow rate of FOL component at injection 

fQ  Flow rate of smokes (m3.h-1) 

aV  Stoechiometric need of air (m3.kg-1) 
'
fV  Volume of dry smoke per unit of fuel (m3.kg-1) 

T  Temperature (K) 
 Greek letters 

Pµ  Global indicator for carbonaceous residue 
 Subscripts 

i  Injection 
W  Water 

 
Fig. 4: Granulometry – second series 

REFERENCES 
[1] Y. Mizutani, M. Fuchihata and M. Muraoka, ‘In Situ Observation of Microexplosion of 

Emulsion Droplets in Spray Flames’, Atomization and Sprays, Vol. 11, N°5, pp. 521-532, 
2001. 

[2] M. Mattiello, L. Cosmai and L. Pistone, ‘Experimental Evidence for Microexplosions in 
Water/Fuel Emulsion Flames Inferred by Laser Light Scattering’, 24th Symposium 
(International) on Combustion, pp. 1573 - 1578, 1992. 

[3] A. Sjögren, ‘Burning of Water-in-Oil Emulsions’, 16th Symposium (International) on 
Combustion, pp. 297 - 305, 1977. 

[4] D.L. Urban, S.P.C. Huey and F.L. Dryer, ‘Evaluation of the Coke Formation Potential of 
Residual Fuel Oils’, 24th Symposium (International) on Combustion, pp. 1357 - 1364, 1992. 



D. Tarlet et al. 

 

216 

[5] N.J. Marrone, I.M. Kennedy and F.L. Dryer, ‘Coke Formation in the Combustion of Isolated 
Heavy Oil Droplets’, Combustion Science and Technology, Vol. 36, pp. 149 - 170, 1984. 

[6] J.M. Ballester and C. Dopazo, ‘Experimental Study of the Influence of Atomization 
Characteristics on the Combustion of Heavy Oil’, Combustion Science and Technology, Vol. 
103, pp. 235 - 263, 1994. 

[7] A.H. Lefebvre, ‘Atomization and Sprays’, Combustion: An International Series, Ed. Taylor & 
Francis, 1996. 


