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ABSTRACT 

 

 Water- in-kerosene emulsion combustion was investigated using a co-annular spray 

burner designed for aerospace turbojet combustors. Combustion efficiency was estimated based 
on optical flame diagnosis and gas analysis. The main identified effect of water addition was the 
decrease in pollutant emissions due to the temperature attenuation, especially for the case of NO x 

and CO. The NO decrease was 90%, NO2 diminution was 70% and for CO a 2% reduction was 
noticed for only 1% water content.  
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INTRODUCTION 

There is an interest in studying water- in-kerosene emulsion, which derives from the 
aerospace practice of direct water injection for turbojets’ thrust augmentation without affecting 

propellant evaporation. First regarded as an efficient technique for compressor temperature 
control [1,2], water addition to fuel showed many positive effects, such as phase reactions 
dilution and secondary atomization, reduction of pollutant emission and soot production [3]. 

Benefits were higher for Jet A fuel, in which case a supplementary consequence of volatility 
improvement had previously been reported [4].  

Water- in-kerosene emulsions stabilized with SPAN surfactants were most studied, especially 
for their slow transition from an emulsion to a mini-emulsion in relatively concentrated samples, 
proving that continuous stirring prevents sedimentation, phenomenon invest igated with 

microscopic image analysis [5].  
The addition of water is expected to lower the droplet temperature during the evaporation 

process, resulting in the weakening of the pyrolysis reactions with consequent reduction of the 
residual carbonaceous material. This phenomenon is thought to be accentuated for the case of 
low volatility fuel. Water should also suppress gas phase chemical reaction decreasing flame 

temperature, therefore reducing NO formation. For this reason, the water content also reduces 
soot formation, supplying OH* radicals which further oxidize soot precursors inside the flame 

[3]. 
Despite theory’s prediction of flame size and temperature diminution, implying less chemical 

reactivity inside the flame [3], contrary effects have been reported for kerosene-based fuel [4]. 

Literature also mentioned the optimum water content as the one which best suits both soot 
and combustion pollutant gas diminution. This would also correspond to an increase in burning 

efficiency noticed through the augmentation of CO2 concentration [3]. 
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In the light of stringent NOx maximum admitted levels and environmental exigency 
connected to both human health and nature safeguarding, the water impact on combustion has 

regained its importance. Newer studies concerned emulsion stability and different properties time 
evolution [5], atomization of emulsions [6], but reported contradictory results for the combustion 

experimental tests of water- in-kerosene emulsified fuels. Such novel fuels behavior in real 
combustion systems would comprise aspects related to the relatively strong stability and time 
conversion into a mini-emulsion, optimal water content for soot inhibition, the higher 

concentration of CO2 in the exhaust gas, increasing ignition delay with water content, 
improvement in the combustion efficiency, uniform distribution of both temperature and 

concentration in emulsion spray flame, and even the decrease in flame size and temperature 
which the theory predicted. 

The aim of this work is to analyze the possibility of using water- in-kerosene emulsions for 

turbojets instead of classical kerosene fuel, in order to reduce pollutant emission without 
affecting combustion efficiency. 

 
MATERIALS AND METHODS 

Sample preparation 

Numerous samples were prepared by mixing commercial ENI Aviation Kerosene, distilled 
water and various surfactants with a Hielscher UP 200H ultrasonic stirrer. Employed surfactants 

from Sigma Aldrich helped emulsion stabilization when added in 1% wt; the most tested ones 
being Span 65, Span 80 and Tween 60. The water content varied from 1 to 40%wt. Emulsions 
preparation took between 4 and 48 hours ultrasonic stirring.  

 
Sample analysis 

All samples were object to various characterization tests, from which the density and energy 
content are representative in aircraft combustion processes. 

The internal emulsion structure was examined with an optical microscope with maximum 

magnification of 1000, produced by Leica, and recorded with a DinoCam CCD directly 
connected to a computer. 

 
Flame analysis 
Flames were produced using a spray burner co-annular with a cooled circular burner 

producing a laminar premixed methane/air pilot flame. The set-up (Fig. 1) consisted of a self 
constructed gas assisted atomizer with a capillary tube (inner diameter 0.3 mm, external diameter 

0.6 mm) passing through a 1 mm diameter opening at the spray top, thus forming an annular gap. 
The needle ducting the liquid was emerging about 0.5 mm from the top of the nozzle body. With 
the aid of a New Era Pump Systems Inc. NE-1000 syringe pump, the liquid fuel flow rate was set 

at 1 ml/min. Inside the annular gap, it flows the oxygen-nitrogen mixture used as dispersion and 
combustion gas. The atmospheric spray flame obtained from the nozzle is ignited by the 

concentrically positioned premixed methane-air flame. Flames were produced using a 
dispersion-combustion total flow rate of 3 l/min, differently combining the N2 and O2 
percentages. 

 
The spontaneous light emission from the flame was detected by collecting the light through a 

quartz fiber coupled with an intensified optical spectrometer (Tracor Northern TN-1710 with low 
resolution spectroscope). The input end of the fiber was inserted in a 100 mm long 8 mm 
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diameter pipe allowing to limit the field of view to the mid and upper part of the flame, basically 
corresponding to the post combustion region 

 

 
Fig 1. Experimental facility for water- in-kerosene combustion on a co-annular spray burner: 1 – 

injection system; 2 – burner; 3 – flowmeter; 4 – gas bottles. 
 
 

Table1. Characteristic wavelength for important chemical species involved in combustion 

Chemical Specie Wavelength [nm] 

OH 281; 306; 343 

CH 387; 432 

C2 436; 563 

CHO 300-400 

Atomic C 248 

CH+ 422 

Hα 656 

Hβ 486 

 

Combustion gas analysis 
Exhaust gas was analyzed with Eurotron Greenline MK2 Gas Analyser, the probe being 

inserted in an opening of the stainless steel sucker placed above the combustion system. In this 
case, as well as for other selected tests, the flame was surrounded by a quartz cylinder (20 cm 
diameter) sealed with the sucker and with the burners platform (rubber gasket), thus reducing the 

air entrainment but maintaining the optical access.  
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RESULTS AND DISCUSSIONS 

Some properties of water-in-kerosene emulsions relevant during combustion test 

 Energy content and combustion quality are the main performance properties for aviation 
turbine fuels. As a complex hydrocarbon mixture, jet fuel differs in composition, and therefore in 

energy content, and the easiest method to evaluate it remains the density. In general, the lower 
the density the higher the gravimetric energy content and the higher the density the higher the 
volumetric energy content.  

 The base-aviation fuel, which was Jet A, presented the properties given in Table2, and 
determined many of the further flame properties, as combustion material, such as shape and 

stability. 
 
Table2. Tested Jet A fuel characteristics 

Property Value 

Density at 15oC, kg/m3 787.7 

Flash point, oC 38 

Freezing point, oC -47 

Distillation end point, oC 300 

Aromatic content, %v 25 

Sulfur content, %m 0.3 

Hα 656 

Hβ 486 

 
 

 For water- in-kerosene emulsions, density increased with water content, from 787.7 
kg/m3, which is the ENI Jet A density, to 855.6 kg/m3 for the mixture containing 40% water, as 

seen in fig.2. Such an evolution is due to the difference in density between water (1000 kg/m3) 
and kerosene, and to the fact that density is an addition property.  
 

 
Fig 2. Density for studied water-in-kerosene emulsions prepared with 1% SPAN80 and 1% 
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Fig 3. Microscopy of water-in-kerosene emulsion with 20% water prepared with 20% water and 
1% SPAN 80 at magnitude 100 

 
 The heat of combustion deteriorated with increasing water content, as shown in fig.4, 
especially because water doesn’t play an important role in the chemical reaction of combustion. 

It is expected to provide H* and OH* radicals, which promote many chemical reactions, but also 
consume a lot of the needed and even released heat for vaporiza tion. 

 

 
Fig 4. Water- in-kerosene emulsions’ net heat of combustion for samples stabilized with 1% 

SPAN80 and 1% TWEEN80 
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 Water interference into the fuel combustion can be described by the global chemical 
reaction: 

 

 (1) 

 
where CnHm represents the equivalent chemical formula for the fuel.  

Water vapor could also supress fuel self- ignition not only by reducing the temperature, 

but mainly by promoting the recombination of both H* and O* radicals, lowering the rate of 
chain decomposition, and, by consequence, flame speed: 

 
 (2) 

 
 The main effect of water vapors remains the increse in H* and OH* production rate, with 

the subsequent decrease in CO production: 
 

  (3) 

 

 (4) 
 

  (5) 
 

  (6) 

 
 Jet A fuel water content can be easily absorbed and held in suspension, causing injection 
congest at high altitudes, where temperature determines water crystallization, and at ground 

level, where corrosion and microbial growth arise. Such an inconvenience is overcome by using 
distilled water in a stabilized emulsion with satisfactory rheological properties. The main 

concern remained the homogeneous distribution of water droplets in the kerosene phase, which 
was reported as being responsible for the secondary atomization obtained from the premature 
vaporization of water precedent to combustion. Microscopic investigation (fig.3) confirmed the 

uniform distribution of the dispersed phase, which would ensure the appropriate atomization of 
such mixtures, as water droplets appeared as clear disks surrounded by a dark ring, spread in the 

whole kerosene phase, and with regular round shape. 
 

Spectral properties of the flame produced with the co-annular spray burner 

The spectral signatures of OH* (281, 306, and 343 nm), CH* (387 and 432nm) and C2* (436 
and 563 nm), specific to hydrocarbons combustion, were detected during both kerosene and 

water-in-kerosene tests. Regardless the water content, global intensity diminished when 
supplying less oxygen to the spray, due to a variation in the radicals’ concentration and in the gas 
temperature. The rich flames are stretched and burn much worst, resulting a lower signal. All 

spectra presented the same shape (indicated in fig.5), but the intensity of the important radicals 
varied with water content of the samples. Increasing water content determined an increase in 

intensity, corresponding to an equivalent temperature drop, as seen from fig.6. Orange or yellow 
flames have high wavelengths (low frequency), as in the case of water-in-kerosene emulsions, 



International journal of advanced scientific and technical research                        Issue 2 volume 5, October 2012          

Available online on   http://www.rspublication.com/ijst/index.html                                              ISSN 2249-9954 

 Page 175 
 

while blue flames have much lower wavelengths (high frequency) with a lot of the light off 
towards the ultraviolet range, as in the case of kerosene. 

 

 
Fig 5. Kerosene flame emission spectra for combustion test with synthetic gas (O2 and N2 in 

volumetric ratio of 1:2, 2:1, 3:0) 
 
When the emulsion was sprayed, the flame became yellow and red, though its shape and size 

didn’t transform significantly. The change in color is an important proof for the change in 
temperature, but also an indicator of the appropriate emulsifier choice. All the samples 

containing the used emulsifiers presented a strong peak at 590 nm, which could be responsible 
for the red color of the water- in-kerosene emulsion flame. The result is extremely important as it 
could erroneously suggest the presence of soot. The water- in-kerosene flame spectrum (Fig.6) 

has no broad band pedestal typical of black body emission. The problem comes when analyzing 
the 590 nm peak, characteristic to the sodium doublet. As the water was previously distilled and 

the kerosene couldn’t contain such a high amount of Na, it results that the only cause of such a 
presence remains the surfactant. The manufacturer didn’t report sodium in Span 80, neither in the 
rest of the emulsifiers. 
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Fig 6. Water- in-kerosene emulsion flame emission spectra for combustion test with with 

synthetic gas (15% water and O2 and N2 in volumetric ratio of 1:2, 2:1, and 3:0), for the sample 

prepared with 1% SPAN80 
 

For a better estimation of combustion efficiency, the amount of the main radicals involved in 
this phenomenon was estimated for comparison, based on their intensities. Fig.7 plots the ratio of 
the line intensities OH*/CH* against the oxygen flow rate for pure kerosene and for the 5% 

water-in-kerosene emulsions stabilized with 1% Span80. The relative position of the curves 
indicates that the proportion of these important species barely changes with water addition, 

which is in agreement with the low interference of water in the combustion mechanism. 
 

 
Fig 7. Intensity ratio of OH*/CH* radical during emulsion combustion 
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Combustion gas 
Figure 8 shows the recorded NOx levels presenting a decrease with reducing the oxygen flow 

rate (although the nitrogen is correspondingly increased), as well as increasing the percentage of 
water. In both cases, a reduction in flame temperature accounts for such an effect, as most NOx is 

formed in the thermal mechanism, and less from the fuel. 
 

 
Fig 8. NOx comparative emissions for water- in-kerosene emulsions stabilized with 1% SPAN80, 

for two burning gas composition: O2 :N2 2:1 and 1:2, respectively 
 

 
 For the same amount of combustion oxygen, CO emissions decreased with increasing 
water content till 20%, value at which increased for 1 and 3 l O2/min. combustion mass flow, and 

decreased drastically for 2 l O2/min. combustion mass flow (fig.9). Such results would suggest a 
better behavior for the 20% water- in-kerosene emulsion at intermediate high, for both stationary 

and non-stationary turbomachinery. 
 

 
Fig 9. CO comparative emissions for water- in-kerosene emulsions stabilized with 1% SPAN80, 

for three burning gas composition: O2 :N2 3:0; O2:N2 2:1; O2:N2 1:2, respectively 
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CONCLUSION 

The combustion study of water-in-kerosene emulsions in a co-annular spray burner showed 

great promise for further tests and reconsiderations of water positive effects in aerospace turbojet 
combustors. The main determined benefits came from the unchanged proportion of the main 

radicals inside the flame, from the lack of major consequences on the flame size and shape, as 
well as for the consistent emissions reduction. The NOx level decreased by adding water, due to 
the change in thermal range and a subsequent modification of the formation mechanism. Used 

surfactants caused an unexpected light emission, which could mislead to a higher soot production 
rate. 
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