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Abstract 

The purpose of this study is to investigate the burning behavior of Heavy Fuel 

Oil/Water emulsified droplets with a single suspended droplet experiment. In the 

suspended droplet experiment, the droplet is suspended on a fine thermocouple 

wire and exposed to a hot environment until the evaporation, or eventual 

combustion process is completed.  The whole experiment is recorded with a high 

speed camera. This experiment permits to measure the evolution of the droplet size 

and the liquid phase temperature in time. The emulsions are prepared using a 

supersonic homogenizer and a commercial surfactant. Three samples with different 

water percentage were analyzed. Particular effort is dedicated to micro-explosions 

that are of key importance in the spray combustion. 

 

Introduction 

Heavy Fuel Oil (HFO) is a widely used fuel, in particular in marine engines and 

power generation technologies [1]. The HFO combustion has a very significant 

environmental impact, this is why several technologies have been developed to 

reduce the amount of pollutants this process generates. The use of an emulsified 

fuel is one of the possible alternatives to reduce the emissions of pollutants. 

This solution has been previously studied in previous works [2]. 

Since in every application this fuel burns in the form of a spray, a better 

understanding of the droplet combustion is necessary. 

The suspended droplet technique was used for this purpose. The experiment 

consists in suspending a droplet on a fine thermocouple wire and successively 

exposing it in a hot environment to observe its evaporation and eventual 

combustion. Three different samples were compared with pure HFO to explore the 

influence of the emulsification process on the combustion characteristics and the 

relevant parameters.  

 

Preparation of the emulsified fuel 

The HFO sample was collected from Shuaibah power plant in Saudi Arabia. The 

HFO in Saudi Arabia has an asphaltene content range between 7 w% to 15 w% 

(weight percentage) and sulfur content of 3 w% to 4 w%. Physical and chemical 

properties of the fuel used in this work can be found in the work of Elbaz et al  [1].  

A commercial surfactant was used as an emulsifying agent to prepare the water in 

oil emulsion. Three samples were made containing 5±0.1, 8±0.1 and 14±0.1 vol% 

(volume percentage). The w/o emulsified fuel was prepared dripping water and the 
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emulsifying agent into the raw fuel, and mixing the solution using a supersonic 

homogenizer (Hielscher UP400S 400) at the frequency of 12 kHz for 20 minutes. 

The experiments were done 3 days after the preparation of the samples and the 

stability of the mixture was tested two times using a centrifuge. The initial amount 

of water was respectively 5, 10 and 20 vol% for the three samples and no further 

separation was observed after the first centrifuge.  

 

Suspended droplet experimental setup 

Preheated air co-flow by an inline heater (Sylvania heater, F074719, 8000 Watt) 

goes upwards through a ceramic honeycomb from the bottom of a hinged tube 

furnace (Lindberg/blue, HTF55000 series) through quartz tube (134 mm inner 

diameter and 750 mm length). The co-flow air is assumed to be uniform after that 

and can be controlled with flow rate up to 130 l/min. Once the temperature profile 

inside the electrical furnace reaches required values, HFO droplet is suspended on 

a fine thermocouple wire (Type S, 75 µm diameter, Omega P10R-003). The 

thermocouple is inserted inside a two-hole ceramic tube and connected to a 

computer for data processing and temperature readings. The droplet is positioned 

into the preheated electrical furnace by a 3D mechanism through an air cooling 

channel. This channel will keep the droplet temperature low until the burning point 

inside the furnace is reached. High speed camera (LaVision, Imager HS) is used to 

record the whole HFO droplet combustion process and a data acquisition card to 

read the temperature history inside the droplet from the thermocouple. 

 

 
 

Figure 1. Experimental setup. 
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Combustion behavior of the raw fuel 

Figure 2 shows the liquid phase temperature history for a single suspended HFO 

droplet with no water addition. It is possible to divide the combustion in several 

steps as in [4]. Initially the temperature rises and the most volatile species 

evaporate forming a vapor cloud around the droplet. During the first step, the 

droplet size oscillates as a consequence of the differential evaporation of the 

various species. It is typical of multicomponent fuel to present a disruptive 

behavior called micro-explosion. This phenomenon causes a secondary atomization 

process that suddenly enhance the surface area leading a faster evaporation. 

The second step consists in the ignition of the cloud that surround the droplet. The 

formation of the flame around the droplet generates a rapid increase of the liquid 

temperature that coincides with a faster nucleation and, as a consequence, more 

frequent micro-explosions. At the end of this step the liquid phase does not 

surround the thermocouple, but a carbonaceous residue remains on the junction. 

This residue is exposed to the air flux leading the heterogeneous combustion, with 

consequent temperature increment above 1200 °C. 

 

Emulsion influence  

Figure 3 shows how the normalized squared diameter evolves in time for the 4 

samples. The peaks in the initial part of the graph can be associated with the micro-

explosive behavior of the fuel, while, those at the end, correspond with the massive 

internal evaporation and consequent consumption of the liquid phase (for the 

emulsified fuel) or cenosphere formation (for the pure sample). The increment of 

the droplet size at the beginning is much more consistent for the emulsified fuel. In 

Figure 2. Distinctive combustion stages of HFO. 
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particular, for the 14 vol% sample (d) the oscillation of the size is remarkable and it 

is direct consequence of the fact that the volatility of the water is much higher than 

the average volatility of the species that form the heavy fuel oil. At the end of this 

phenomenon the size of the droplet is much smaller and the reduction of size 

randomly changes among the different runs. A more stable evaporation process 

follows the initial micro-explosions until the combustion takes place.  

  

 

 

 

 

Figure 3. Normalized squared diameter profile for the raw sample (a), 5 vol% (b), 

8 vol% (c) and 14 vol% (d). The droplet diameter for the cases is 1.15±0.05 mm. 

 

The temperature profile in Figure 4 shows the liquid phase temperature history for 

four droplets with different w/o percentage. The temperature grows regularly for 

the raw sample while as the water percentage increases it becomes more unstable,  

The ignition delay time (IDT), that is defined as the time occurs from the entrance 

to the ignition, is higher for the raw sample with respect to the 8 and 14 vol% 

samples. This trend can be justified considering the reduced size of the droplet after 

the initial micro-explosions. The 5 vol% sample, vice-versa, presents a higher IDT, 
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this finding appears reasonable considering the droplet size of this sample, after the 

micro-explosions, is not as influenced as in the previous cases. 

 

Figure 4. Liquid phase temperature for the raw sample (a), 5 vol% (b), 8 vol% (c) 

and 14 vol% (d). The droplet diameter for the cases is 1.41±0.05 mm. 

 

A sequence of the 5 vol% combustion is present in Figure 5. In the first three 

pictures it is possible to observe that the droplet size increases extremely even in 

absence of flame. The fourth picture shows the water bubbles that grow as a 

consequence of the high temperature. A similar trend was observed by [3]. Once 

the bubble growth reaches the limits and the surface tension is not high enough to 

sustain the pressure, the water leaves the droplet as vapour and the rest of the fluid 

that remains on the thermocouple burns until its full consumption. No traces of 

cenosphere is present for the emulsified fuel but some ashes are released.  

 

 

Figure 5. A sequence of the 5 vol% sample combustion. 
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Conclusions and Outlooks 

An experimental analysis on the single emulsified droplet combustion was 

performed in order to extend the knowledge of this phenomenon. 

The main steps of the combustion process were identified and the differences 

between the various w/o percentages were explored. 

One of the most important finding is that the ignition delay time is not directly 

proportional to the amount of water in the fuel. The IDT mainly depends,in fact, on 

the micro-explosions intensity and frequency that can lead to unpredictable trends. 

To enhance the understanding of this phenomenon more experiments are in 

progress. A wider amount of data permits to identify a statistical trend. 

Previous researches [5] moreover suggest an influence of the asphaltene percentage 

on the emulsified fuel combustion. This topic is currently under investigation. 

The effect of the emulsion mixing procedure is another key aspect to explore, in 

particular, the photomicrografy technique permits to measure the size of the micro-

droplets of water inside the mixture and estimate how this factor influences the 

droplet stability. Two more different experiments are actually in progress at 

KAUST, the falling droplet experiment, that permits to avoid the influence of the 

thermocouple on the droplet combustion and the spray combustion which gives a 

more general view of the problem. 
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