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Abstract 
 

The technology of improving water-fuel emulsions (WFEs) properties through modification of IFO-380 marine fuel oil 
with aqueous solution of polycarboxylic acids surfactant was researched. Aqueous solution of the surfactant was used as water 
phase at WFEs production as well as emulsifier and corrosion inhibitor. It was established that viscosity, fluidity and corrosive 
activity of the obtained WFEs matched those of the unmodified IFO-380 marine fuel oil, while sulphur content, vanadium and 
coking parameters of the WFEs were lower, than those of the bunker fuel oil. An average size of water particles in the WFEs 
was 1–3 µm. 
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Introduction and Analysis 
 

Emissions of noxious substances from 
combustion of marine fuels are restricted in respect of 
International Atmosphere Protection Programs and 
requirements of International Maritime Organization 
(IMO) [1].  Redrafted Annex IV of the International 
Convention for the Prevention of Pollution From Ships 
(MARPOL 73/78. Convention Annex VI), putting 
increasingly tougher demands on ships, came into 
force in July 2010. The new requirements cover almost 
all groups of noxious emissions, including NOx.  
The Three-Tier System of Nitrogen Oxide (NOx) 
Emissions Standards is being introduced in accordance 
with these new requirements: Tier I for pre-01.01.2011 
built ships (currently valid norms for 2000 and  
post-2000 built ships). Tier II for post-01.01.2011 built 
ships (20 % reduction of NOx emissions). Tier III for 
post-01.01.2016 built ships (80 % NOx emissions 
reduction). The aforesaid requirements are not applied 
to ships less than 24 m in length and less than 750 kW 
in capacity. 

The requirements towards sulphur oxides (SOx) 
content in exhaust gases are equally tough [1]. As for 
2012, it has been required to reduce SOx content in 
heavy fuel oils to 3.5 %, and from 2020 – it must be 
reduced to below 0.5 %. The requirements towards 
noxious substances content in exhaust gases of marine 
engines are even tougher for the North Sea, the Baltic 
Sea, the English Channel, coastal waters of North 
America, and additional areas (SECA). 

Different methods are used to reduce the content 
of noxious substances in exhaust gases of marine 
engines. The methods of fuel and/or air pre-cleaning 
are simple and acceptable. Mixing fuel and water to 
obtain stable water-fuel emulsions is the most suitable 
option for large two-stroke engines. Mixing air for 
combustion, introducing water for direct injection is 
not an option for two-stroke engines due to the risk of 
water drops getting into the combustion chamber and 
washing out the lubrication oil film from the cylinder. 
Use of alternative fuels is not common at present due 
to difficult operation and need to redesign the fuel 
system and engine. 
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Continuous Water Injection into air is believed to 

be most economically efficient for low levels  
(10–30 %) of NOx reduction, however insufficient 
experience with application of this method requires 
further analysis thereof.  

Direct Water Injection into the cylinder is 
considered to be efficient for medium levels of NOx 
emissions reduction (40–60 %), though it requires 
engine modernization. This technology is economically 
efficient for the redesigned engines. 

Notwithstanding the initially high capital costs, a 
relatively new method, using Humid Air Motor, 
is economically efficient to attain NOx emissions 
reduction at the medium and high levels of 60–80 %. 
Restricted operational background shows that 
equipment for this technology can be installed in the 
engine room and the water supply system redesigning 
is not necessary. 

Selective Catalytic Reduction Systems and 
Selective Non-Catalytic Reduction Systems to restore 
NOx are most expensive compared to all the aforesaid 
technologies. Use of these technologies allows 
attaining practically complete reduction of NOx 
emissions. These technologies are ideal for ships 
running in the regions of tough environmental 
demands [2–5].  

NOx Selective Catalytic Reduction Systems are 
used for maximum reduction of NOx emissions.  
The drawback of such systems is their high cost. High 
level of gas purification from NOx (up to 90 %) with 
the aid of catalytic regenerators installed in the exhaust 
line of the diesel engine requires considerable 
additional expenses of US$ 40–70 per one kW, i.e. 
additional expenses per one ship with a 5000 kW 
power-plant make US$ 200–350 thous. for a  
pre-overhaul period of the diesel engine operation.  
The like expenses are necessary to manufacture a 
system for reduction of NOx in exhaust gases by 70 % 
of the IMO specified standard value [7]. 

Selective Non-Catalytic Reduction Systems are of 
a considerable disadvantage that restricts the 
application scope thereof in transport vehicles, namely, 
efficient purification of exhaust gases in the practically 
realized NOx neutralizers is ensured in a relatively 
narrow temperature range of 900–1200 °С. Ammonia 
NH3 is most commonly used reducer, toxicity, fire and 
explosion risks of which require special arrangements 
during storage and transportation to the neutralizer  
reactor [5].  

Use of water-fuel emulsion (WFE) is believed to 
be one of the most promising approaches. This is a 
simple and low cost technology to attain the medium 
level (30–50 %) of NOx emissions reduction for the 
existing ships without a need to considerably redesign 
the diesel engines.  

Marine fuel oil cost can be reduced by 50 % 
through conversion of super-ships from diesel and 
mid-viscosity fuels to high-viscosity marine fuel oils. 
Normal operation of the marine engines with specific 
parameters is ensured through use of a rather wide 
range of marine fuel oil brands. For instance, both IFO 
30 or IFO 180 and the cheaper IFO 380 marine fuel 
oils can be used. The aforesaid fuels are produced from 
residual oil derivatives and middle distillates [6].  

Deteriorated quality of the operation process, 
which leads to an increased consumption of fuel and 
lubricants, excessive wear of the cylinder-piston group 
and fuel equipment is the main problem arising from 
conversion of diesel engines to operation on heavy fuel 
oils. The reason for these is poor quality of heavy fuel 
oils, often containing water. Purification of such fuels 
is a complex task since their density exceeds that of 
the water they contain. A more complex system of fuel 
treatment is required when the engines operate on 
heavy fuels solely. Such system should be equipped 
with a homogenizer, vapour-heated dual full flow 
filter, viscosity meter, fuel flow meter, recirculation 
line with a relief valve to maintain constant fuel 
pressure upstream the fuel pump [6].  

Water-fuel emulsion is a special type of fuel that 
qualitatively and quantitatively changes the process of 
combustion. When heated in the cylinder, finely 
dispersed particles of the aqueous phase contained in 
fuel turn into vapour bubbles that instantly break the 
drops of fuel into the smallest parts. These parts are 
faster to heat and more intensive to interact first with 
oxygen formed from water dissociation, then they 
ignite and by mixing with the oxygen of an air burn  
at an accelerated rate. The aqueous phase, as a part of 
emulsified fuel, can be partially dissociated as the fuel 
oxidation progresses during the pre-flame processes. 
Then, the water dissociation reaction accelerates  
as a temperature increases in the phase of active 
combustion. Excessive hydrogen atoms formed at 
dissociation quickly diffuse in the zone of excessive 
oxygen, where the reaction thereof compensates for 
energy spent for water dissociation. An additional 
amount of hydrogen involved in the combustion 
reaction produces increased number of combustion 
products. Water molecules accelerate the reaction path 
in the oxidation processes due to a polar effect that 
considerably improves the orientation of the particles 
of active radicals in fuel [7–18]. 

5–10 % of water added to fuel accelerates 
combustion process 5–6 times. An extended range of 
additional combustion products improves operation of 
gases in the engine cylinder. Owing to more complete 
and accelerated combustion of fuel, continuous 
gasification of carbon deposits, the parts of the 
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cylinder-piston group and exhaust line are not 
contaminated with the combustion products and are 
less exposed to wear caused by abrasion. An increased 
dispersion of the residual fractions, splitting of 
hydrocarbon molecules exposed to cavitation into 
lighter fractions, and intensive mixing of a multi-
component medium in high-turbulent vortexes makes 
for a hastened combustion reaction, thus permitting to 
compensate for the effect of aromatic hydrocarbons on 
a delay in fuel self-ignition. When the marine diesel 
engines are converted to operate on water-fuel 
emulsions, containing 17–20 % of water, fuel 
consumption is reduced by 12 %, nitrogen oxides NOx 
emissions are reduced by 30–40 %, sulphur dioxides 
SO2 – by 50 %, hydrogen sulphides H2S – by 50 % 
and, unburned hydrocarbons are eliminated 
completely. As the efficiency of fuel utilization 
increases, temperature of exhaust gases reduces by  
8–10 оС consequently reducing combustion intensity of 
the cylinder-and-piston group parts and consumption 
of high-viscosity water-free fuel by around 5 % [11]. 

When deciding on conversion of marine diesel 
engine for operation on WFE, it is reasonable to 
consider the level of engine boost, used fuel grade, and 
operation conditions of a ship. As a rule, 
recommended optimum concentration of water in 
WFE for the engines of an average effective pressure 
of up to 1.0 MPa, is not higher than 10–15 %.  
For more boosted engines it can be as much as 30–40 % 
depending on the demands placed on the noxious 
substance content in exhaust gases and on the engine 
operation economy. Emulsion can be prepared both 
immediately before fuel use in the engine, and during 
supplying fuel into the day tank. The properties of 
used fuels and availability of emulsifying additives are 
the determining factors in this case. Hence, it is 
possible to develop the guidelines on WFE use under 
any operational conditions of each specific marine 
engine by varying the concentration of water in WFE, 
features of the fuel equipment, and additives [7].  

 
Materials and Methods 

 
Water-fuel emulsion is a finely dispersed fuel-

water mixture; in this case, water is the disperse phase, 
and fuel is the disperse medium, i.e. fine particles of 
water are evenly distributed within the fuel. The most 
optimal sizes of water particles in water-fuel emulsions 
developed as fuel for diesel engines are those with the 
size of ≈ 2–3 µm and those, with the size smaller than 
5–10 µm. Smaller water particles negate the efficiency 
of micro-explosions; larger ones impair reliable 
operation of the fuel equipment [19].  

Water-fuel emulsions are metastable liquids and 
their metastable state depends on the third substance, 
i.e. emulsifier. Most common emulsifiers are surface-
active agents (SAA), including calciferous, magnesium, 
aluminium salts of higher fatty acids, various  
resins, natural rubber, dextrin, synthetic polymers,  
and polymeric non-ionic SAA, having hydrophilic and 
hydrophobic alternating groups. Currently SAA based 
on oleic acid and salts thereof, products of ethylene 
oxide synthesis and fatty alcohols sulphonation are 
widely used as emulsifiers. 1% of such emulsifier is 
usually sufficient to form stable water-fuel emulsions. 
Finely dispersed mineral powders are also used as 
SAA. When wetted with both phases of the emulsion 
at different points of the surface they kind of stick to 
the interphase boundary fixing the disperse phase 
drops [16–20]. 

Challenges related to creation of stable water-fuel 
emulsions are associated both with the selection of 
emulsifiers and compliance with a whole set of 
requirements imposed on engine fuels. First of all 
content of an emulsifier in the emulsion should be as 
low as possible, because even 0.5 % of SAA may 
cause enhanced deposition of carbon in the combustion 
chamber, and engine wobble. Moreover, emulsifiers 
and decomposition products thereof should not be 
toxic and corrosive, should not decrease water-free 
fuel antiknock rating. All these additional requirements 
add to this difficult task of creating stable water-fuel 
emulsions [20].  

Water globules in the shell of SAA, consisting of 
the heaviest residual fractions, are held on the globules 
surface due to superficial tension of water particles. 
As a result, the residual fractions of bunker fuel oil 
(diesel) do not contaminate surfaces of the fuel filters, 
do not deposit in the heaters and pipelines. Long 
molecular compounds of high-viscosity hydrocarbons 
when treated in the hydrodynamic units are split into 
light straight-chain hydrocarbons that turn into cyclic 
and branched radicals as the reactions progress. Being 
exposed to high-frequency oscillations, long molecules 
of the bunker fuel oil are split in the carrying flow into 
shorter compounds C2–C5 that under the critical 
parameters of the treated medium, chemical reactions 
and phase transformations form gas fractions; 
molecular compounds C8–C10, fractions of distillate 
fuels C15. Thermal treatment causes complex 
recombination transformations of the torn pieces of 
molecules into light hydrocarbon fractions with 
redistributed hydrogen. New qualitative characteristics 
of bunker fuel oil associated with the phase 
transformations keep properties thereof unchanged for 
a long time under normal conditions [21]. 
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Humic substances are known to be used as 

efficient SAA; they are added to provide better 
solubility of hydrophobic organic agents (for example, 
oil products). Humic substances include three 
components: humin, a non-recoverable residue that is 
neither alkali nor acid soluble; humic acids, an alkali-
soluble and acid-non-soluble fraction (at pH < 2); 
fulvic acids, both alkali- and acid-soluble fraction. 
Humic and fulvic acids put together are described as 
humic substances. Humic substances act as analogues 
of detergents, reducing the superficial tension at the 
“oil product-water” interface [22–26].  

Humic substances belong to the class of high-
molecular weight aromatic polyhydroxy 
polycarboxylic acids. Humic substances molecules 
contain condensed aromatic rings, heterocycles and 
various functional groups (carboxy, hydroxy groups, 
amines, etc.) [22, 27]. By means of combined evident 
hydrophobic and hydrophilic parts inside the 
molecules, the salts of humic acids (humates) are 
capable of showing properties of anionic surfactants. 
Humates of alkaline metals (Na, K) are well adsorbed 
on the surfaces of the interface of emulsions (oil-
water). Hence, they can be used as chemical additives 
to various disperse systems. Such compounds can be 
used, for instance, as emulsifiers and stabilizers in the 
process of getting fuel emulsions, etc. [28–30]. 
Multifunctional action of humic acids as SAA allows 
extending the scope of application thereof for use in 
other systems that traditionally utilize synthetic and 
usually expensive SAA [31].  

Nobel Ltd. (Saint Petersburg) developed the 
polymer eco-surfactant TGP-F/01 that belongs to the 
class of high molecular aromatic polyoxipolycarboxylic 
acids. These often comprise condensed aromatic  
rings, heterocycles and various functional groups 
(carboxylic, hydroxylic, amines etc.). Owing to 
combination of hydrophobic and hydrophilic parts of 
the molecule such compounds are able to act  
as anionic surface-active compounds. Sodium or 
potassium solution of the TGP-F/01, being well 

absorbed on the oil-water interface, can be considered 
as a good candidate for use in various disperse 
systems, where it can act as an emulsifier and 
stabiliser. One example of such disperse systems is 
fuel emulsions. In the pilot study TGP-F/01 polymer 
ensured prolonged stability of the WFE prepared on 
the basis of IFO380, M100 marine fuel oil, stored at 
the temperature from 15 to 30 °C. The WFE 
containing 5–20 % water remained stable even after 
12 months of production. 

In accordance with the Stalagometric method 
weight of the drop falling from the capillary glass tube 
is proportional to the surface tension of liquid and the 
tube radius:  

m = 2πRσ/g,  
 

where g – gravitational acceleration, m/s2; m – weight 
of drop of the examined liquid, kg; σ – surface tension 
coefficient, N/m; R – capillary tube opening radius, m. 

The Wilhelmy plate method is used to determine 
the force (F) that has to be applied to withdraw from 
the liquid a thin plate immersed in it. The surface 
tension is calculated using the following formula 

 

σ = F/2(l + b),  
 

where F – force, N; l and b – plate width and 
thickness, m.  

Results of the measurements are presented in 
Table 1. 

As can be seen from Table 1, at 1 % concentration 
the TGP-F/01 exhibits surface-active properties 
reducing surface tension of aqueous solutions. At this 
concentration, components of the TGP-F/01 merge 
into micelles and their charge and properties change. 
Further increase of concentration of the TGP-F/01 
above 10 % reduces surface tension by over 20 %. 

All known technologies for manufacturing of 
emulsions can be divided into two groups:  

1) devices with movable parts; 
2) devices with external energy supply (without 

movable parts). 
Mixers of the first group are divided 

into those with rotary motion and those 
with translational motion.  

Mechanical mixing is realized in the 
devices jointly named as agitators. In the 
general case the agitators can be divided 
into high-speed and low-speed agitators. 
Mechanical agitators require high energy 
to obtain quality WFE. 

Oscillating agitators cause the flows 
of liquid to occur in a vessel while 
rocking. When compared to the rotary 

Table 1
Effect of TGP-F/01 on surface tension 

 

Surface tension, 
σ⋅10–3, N/m 

Concentration of TGP-F/01 surfactant in aqueous 
solution, % 

0.001 0.1 1 2 5 10 12 

Stalagometric 
method 73 70 69 69 68 59 52 

Wilhemly plate 
method 72 72 70 66 64 58 55 

Mean value    72.5 71    69.5    67.5 66    58.5    53.5 
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agitators, which action is also determined by liquid 
friction on the vessel walls, they are advantageous in 
creating vertical alternating motion of particles, which 
does not require, this way or another, direction of the 
flow movement. Time required for dissolution, 
homogenization, or dispersion is considerably reduced 
under the oscillating mixing. 

Ultrasonic emulsification ensures production of 
finely dispersed, almost homogeneous, and chemically 
pure emulsions. For the ultrasonic emulsification to 
occur, cavitation is necessary, which origin and 
process conditions determine the main relationships of 
emulsification with ultrasound intensity and frequency, 
temperature, pressure, existence of dissolved gases, 
etc. Special transformation and matching devices are 
used to transmit ultrasonic oscillations to the treated 
mediums [32]. 

Use of such ultrasound devices is inappropriate 
due to their low efficiency and high specific energy 
consumption.  

Rotor-stator devices represent efficient equipment 
to provide a multi-factor pulse effect on heterogeneous 
liquids ensuring production of stable, finely-dispersed 
emulsions and suspensions, intensification of the 
process of dissolution and extraction of materials, 
modification of physical and chemical parameters  
of liquids, and destruction of molecular compounds 
[33, 34].  

Concentration of a vast amount of energy and 
reasonable use thereof in the effective volume of RSD, 
through which an organized flow of the treated 
medium passes, high level of homogenization and 
dispersion are the main advantages of the devices, 
while high energy consumption is the drawback 
thereof [33, 34].  

Use of static agitators, offering capability of 
continuous high-performance mixing cycle with a 
small-sized working vessel, as the main mixing 
equipment is an upcoming trend of the emulsification 
processes development. The agitator design provides 
for multiple readjustments of the velocity field and 
change in the flow direction of the mixed 
components.  

Flow hydrodynamic (static) agitators are the 
mixers rigidly installed in the pipelines or circulation 
circuits and using energy of the process flows. The key 
advantages of these mixers include simple manufacture 
of the working parts, fast replacement thereof, absence 
of dead zones in the channels, small displacement of 
the mixing zone, and high strength and air-tightness. 
All these features allow to use these devices under the 
conditions of high temperatures and pressures [35].  

According to the main purpose, the Shell Marine 
Fuel Specifications divide marine fuels as follows: 

– Marine Gas Oil (MGO); 
– Marine Diesel Oil (MDO); 
– Intermediate Fuel Oil, Thin Fuel Oil (IFO, 

TFO); 
– Heavy Fuel Oil, Residual Fuel Oil (HFO, RFO); 
– Bunker Fuel Oil (BFO). 
The indices of fuel quality are regulated by the 

international (ISO 8217:2010 Marine fuels)  
and national (state) (GOST R 54299-2010 Marine 
fuels – for Russia) standards and specifications.  
The international and national standards only specify 
most common requirements towards the most 
important fuel parameters. The international practice 
uses the earlier developed designation of medium- and 
high-viscous fuels: IFO-30; IFO-40; IFO-180; etc., 
where digits correspond to a value of kinematic 
viscosity values expressed in cSt units at 50 °С. 

Marine fuels IFO-30, IFO-180, IFO-380 are 
produced from residual and medium-distillate oil 
products. Marine fuels IFO-30, IFO-180, IFO-380 are 
the analogues of G class marine residual fuels 
produced according to ISO 8217. IFO-30 is an 
analogue of ISO-F-RMC10, IFO-180 is an analogue  
of ISO-F-RMF 25, IFO-380 is an analogue of  
ISO-F-RMA 35. 

Usually conversion of engines to high-viscosity 
fuels, leads to increase in operational expenses due to 
the following reasons: 

– higher maintenance costs; 
– higher specific fuel consumption due to lower 

combustion value; 
– loss of dry-and-ash-free fuel due to fuel 

purification; 
– shorter engine cleaning intervals; 
– use of higher quality and more expensive engine 

oils. 
Transportation, pumping, storage and heating of 

high-viscosity heavy fuel oils causes increased of 
water content in the form of individual local clusters. 
Use of specifically prepared water fuel oil emulsions 
(WFOE) as fuels is an efficient method of eliminating 
the above-mentioned negative factors. The problems 
that make the environmental situation even harder 
include on top of other things continuing accumulation 
of hundreds of thousands of oil-containing ballast 
waters. The sources of this problem are industrial 
enterprises, ocean and river fleet.  

In many cases, the content of water in marine fuel 
oils considerably exceeds the admissible limit values 
(a water-cut of 12–16 % instead of 1.0 % is set by the 
standards). Due to the fact that the densities of marine 
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fuel oil and water are just one step away from each 
other, water does not settle on the bottom but is 
unevenly distributed in fuel in layers. Marine fuel oil 
drying through water evaporation is an energy-
consuming process that also results in the loss of 
volatile fuel components. Dewatering is mainly 
performed through sedimentation. Separation of 
bunker fuel oil-water phases in settling pits takes 
considerable time and is inefficient, owing to almost 
similar densities of bunker fuel oil and water. 
The problem of utilization and purification of such 
waters cannot be solved chemically or biologically, as 
it demands large additional areas and high capital and 
maintenance expenses.  

Use of WFOE gives considerable economical 
effect: 3–5 % increased of combustion efficiency, 
reduced emission of contaminants (CO, ash, nitrogen 
oxides, benzapyren and other carcinogenic polycyclic 
aromatic hydrocarbons) to the atmosphere.  

 
Research Methods and Equipment 

 
Use of agitators, the principle of operation of 

which is based on pulsations of velocity and pressure 
in flows of liquid, is one of the most efficient methods 
applied for resolution of the like problems. Such 
agitators include flow hydrodynamic mixers utilized in 
chemical, oil chemical, food, pulp and paper, and other 
industries to intensify processes of preparation of 
various emulsion compositions. Flow hydrodynamic 
mixers allow continuous cycle mixing of high 

efficiency and with a small effective volume. 
Economic efficiency due to use of such systems is 
associated with a smaller consumption of steel in the 
equipment, smaller production areas, smaller capital 
costs of construction required for premises, and 
reduced labour costs in connection with maintenance 
and servicing as opposed to the large efficient volume 
capacitive mixing equipment.  

Water-fuel oil emulsion with the TGP-F/01 
additive and water-fuel oil emulsion with distilled 
water (WFOE-DW) were obtained through cyclic 
mixing in a proprietary prototype hydrodynamic agitator, 
the schematic diagram of which is given in Fig. 1.  

The prototype unit includes flow hydrodynamic 
mixer 1 with the inlet connector coupled via pressure 
line 9 to the outlet connector of gear-type pump 2, and 
the outlet connector coupled via waster liquid 
discharge line 10 to process vessel 3 equipped with the 
jacket where treated liquid is cooled down or heated. 
Pressure line 9 is connected to a sample and discharge 
line equipped with ball valve 7. The jacket is fitted 
with the lines for heat-transfer medium 8 or coolant 
supply. Process vessel 3 is connected to the inlet 
connector of gear-type pump 2 via supply line 11 and 
has the liquid supply lines equipped with ball valves 7. 
Speed of the shaft of the gear-type pump electric 
engine is adjusted by means of frequency converter 
VFS11-4110PL-WN. Pressure at the inlet and outlet 
connectors of the flow hydrodynamic agitator is 
measured by pressure gage 6 (МТ-100) and 
temperature of the treated liquid is measured  
by the temperature meter 5 (SH-04016). Emulsion 
component is supplied to the inlet connector of gear-
type pump 2 from vessel 12 via line 13.  

The following method was used to make WFOE. 
Warmed-up marine fuel oil IFO-380 was supplied into 
the prototype unit at 60 °С. Warm marine fuel oil was 
transferred through the hydraulic system under a 
pressure of about 0.1 MPa and heated the unit 
hydraulic system to 70 °С. Upon warming up the unit, 
the warmed-up marine fuel oil was discharged from 
the unit and a new weighed portion of the marine fuel 
oil pre-heated to 60 °С was loaded and closed 
hydraulic loop circulation was started. Then a weighed 
amount of the TGP-F/01 aqueous solution was 
supplied to the inlet connector of the gear-type pump 
to ensure its even distribution and pre-mixture with 
marine fuel oil, circulating in hydraulic circuit of the 
6 litres unit.  

The hydraulic parameters were determined at a set 
speed of shaft of the electric pump engine, to ensure 
controlled supply of the liquid. The main parameters 
registered included pressure measured at the mixer’s 
inlet connector, temperature measured at the pump 

Fig. 1. Diagram of the prototype unit:  
1 – flow hydrodynamic mixer; 2 – gear-type pump;  

3 – jacketed process vessel; 4 – flow-meter; 5 – temperature 
sensor; 6 – pressure gage; 7 – ball valves; 8 – heat exchanger line; 

9 – pressure line; 10 – waste liquid discharge line;  
11 – intake line; 12 – emulsion component tank;  

13 – emulsion component supply line 
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inlet connector and at the mixer’s outlet connector. 
As the used hydraulic system was closed and liquid 
was pumped in a closed cycle, close to zero pressure 
was always registered at the mixer outlet connector. 

To ensure even distribution of the coarse-
dispersed mixture of marine fuel oil with the aqueous 
solution of the TGP-F/01 across the hydraulic system, 
pump delivery rate was increased to a set value and the 
mixture was circulated through the hydrodynamic 
mixer 10 times (cycles). The resulting emulsion was 
discharged and next portion of warmed up marine fuel 
oil was supplied to prepare next sample of the 
emulsion. 

Ten cycles of WFOE treatment were performed. 
Average inlet pressure constituted 1.6 MPa, average 
flow rate through the mixer was equal to 15 m3/h,  
an average pre-treatment temperature was 60 °С, an 
average post-treatment temperature was 68 °С.  

The following samples of the water-marine fuel 
oil emulsion were prepared:  

1) 2 % WFOE – 100 ml of the TGP-F/01 aqueous 
solution (25 % concentration) and 4.9 l of marine fuel 
oil;  

2) 5 % WFOE – 250 ml of TGP-F/01 aqueous 
solution (5 % concentration) and 4.75 of marine fuel 
oil; 

3) 10 % WFOE – 250 ml of TGP-F/01 aqueous 
solution (5 % concentration), 250 ml of distilled water, 
and 4.5 l of marine fuel oil; 

4) 15 % WFOE – 250 ml of TGP-F/01 aqueous 
solution (5 % concentration), 500 ml of distilled water, 
and 4.25 l of marine fuel oil; 

5) 20 % WFOE – 250 ml of TGP-F/01 aqueous 
solution (5 % concentration), 750 ml of distilled water, 
and 4.0 l of marine fuel oil; 

6) 5 % WFOE-DW – 250 ml of distilled water 
and 4.75 l of marine fuel oil; 

7) 10 % WFOE-DW – 500 ml of distilled water 
and 4.5 l of fuel oil; 

8) 15 % WFOE-DW – 750 ml of distilled water 
and 4.25 l of marine fuel oil; 

9) 20 % WFOE-DW – 1000 ml of distilled water 
and 4.0 l of marine fuel oil. 
 

Results and Discussion 
 
Parameters of the WFOE samples were determined 

in the laboratories of Tambov State Technical University 
and Mortestservice (Saint Petersburg). The resulting 
values are given in Tables 2–4. 

 Flash point is a fuel warming up temperature, at 
which vapours ignite when an open flame source 
approaches them. It is determined by the fraction 
composition and depends on the boiling and 
evaporation points of the fuel. 

Flash point of the WFOE reduces as concentration 
of the TGP-F/01 in the fuel increases. Most likely, 
intensive hydrodynamic and cavitation treatment 
forces polycarboxylic (humic) acids and IFO-380 
components to form compounds, flash points of which 
are lower than flash point of the original IFO-380. 

 

Table 2
 

Kinematic viscosity, density and flash-point of the marine fuel oil and the WFOE containing the TGP-F/01
 

Parameter Bunker fuel oil 
IFO-380 2 % WFOE 5 % WFOE 10 % WFOE 15 % WFOE 20 % WFOE 

Kinematic viscosity Kinematic viscosity at 7 days after the treatment 

at 80 °С, sCt  30.5 31.5 28.7 32.0 34.2 32.6 

at 50 °С, sCt 106 112.6 104.3 105.9 120.7 116.0 

Kinematic viscosity Kinematic viscosity at 1 hour after the treatment 

at 80 °С, sCt  30.5 27.2 31.5 29.6 31 29 

at 50 °С, sCt 106 93 118 109 114 109 

Kinematic viscosity Kinematic viscosity at 10 minutes after the treatment 

at 80 °С, sCt  30.5 31.8 28.6 33.7 41 40 

at 50 °С, sCt 106 129.2 133.7 144 152 140 

Closed cup flash point, С 95 101 104 (weak) no no no 

Density at 20 °С, kg/cm3 981 961 971 971 973 976 
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Density of the WFOE containing the TGP-F/01 
was visually lower than the density of the original 
untreated marine fuel oil. Measured density of the 
samples of WFOE with the TGP-F/01 in 1 hour and in 
7 days of storage at a room temperature demonstrated 
that the density of WFOE and the original marine fuel 
oil was almost the same. The density insignificantly 
increased with an increase in the concentration of 
water in WFOE. When assessed visually, a difference 

could be seen in the pace of discharge of the original 
marine fuel oil and WFOE containing the TGP-F/01 
from the system. WFOE appeared to have lower 
density and was discharged faster than the original 
marine fuel oil or WFOE without the TGP-F/01. This 
phenomenon can be explained by the fact that upon 
discharge from the system, some structural changes 
occur in the WFOE due to post-discharge reduction of 
pressure and temperature in post-discharge. When the 

WFOE containing the TGP-F/01 are 
treated at elevated temperature and 
pressure, some structural changes that 
occur in the WFOE cause temporary 
reduction of viscosity. Upon discharge 
from the system, some reverse 
changes, such as relaxation of the 
WFOE, may take place. Measurements 
of viscosity of WFOE stored after 
treatment do not demonstrate 
reduction of viscosity compared to the 
untreated marine fuel oil. 

Presumably, change in density 
occurs by the following mechanism.  

An intensive hydrodynamic and 
thermal treatment at 70 °С changes 
structure of the marine fuel oil. High-
molecular paraffin hydrocarbon 
compounds and asphalt-resin matters 
are torn into shorter molecular 

Table 3
Physical-chemical characteristics of marine fuel oil and WFOE with the TGP-F/01 

 

Physical-chemical parameters Marine fuel oil 
IFO-380 5 % WFOE 10 % WFOE 15 % FOE 20 % WFOE 

Kinematic viscosity, sCt :      
 at 50 ºС, sCt 100.2 104.5 97.4 115.3 111.4 
 at 80 ºС, sCt  28.4 29.3 27.8 31.5 30.7 
 at 100 ºС, sCt  15.3 15.7 15 16.7 16.3 

Density at 15 °С, kg/cm3 964.9 967.9 969.9 969.5 975 
Mass fraction of water, % 0.25 5.1 8.7 8.7 15.3 
Closed cup flash point, ºС  100 86 86 76 74 
Ash content, % 0.1 0.35 0.35 0.22 0.37 
Hot filtering deposit, % 0.03 0.12 0.13 0.1 0.14 
Freezing point, ºС  24 27 24 27 27 
Sulphur content, % 1.76 1.61 1.55 1.44 1.16 
Coke ability 6.45 6.73 6.38 6.24 5.62 
Stability N2 N2 N2 N1 N1 
Vanadium content, mg/kg 72 50 39 44 37 
Average particle size, µm – 1 3 4 5 

      

Table 4
Physical-chemical characteristics of WFOE and WFOE-DW 

 

Physical-chemical 
parameters 

5 % 
WFOE 

10 % 
WFOE 

5 %  
WFOE-DW 

10 % 
WFOE-DW

Kinematic viscosity, sCt :     
 at 50 °С, sCt 104.5 97.4 126 138 

 at 80 °С, sCt  29.3 27.8 34 36 
Density at 15ºС, kg/cm3 967.9 969.9 967 968 
Closed cup flash point, °С 86 86 64 72 
Ash content, % 0.35 0.35 0.14 0.126 
Freezing point, °С 27  24 27 30 
Sulphur content, % 1.61 1.55 1.85 1.74 
Coke ability 6.73 6.38 6.6 5.9 
Vanadium content, mg/kg 50 39 58 51 
Average particle size, µm 1 3 5 7 
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compounds, causing viscosity decrease. Addition of 
special additives into the treated bunker fuel oil  
makes for the process of breaking of high-molecular 
compounds. Depending on the properties of the 
additive, viscosity of the treated marine fuel oil can be 
significantly decreased compared to the untreated 
marine fuel oil.  

Presumably, during the storage the WFOE 
restores structure of the original marine fuel oil 
containing conglomerates of paraffin and water 
particles. Density values of the untreated marine fuel 
oil and the WFOE indicate that the restored structure 
of the marine fuel oil is less dense, that is why density 
of the WFOE is lower than that of the untreated marine 
fuel oil.  

Density of the WFOE slightly increases as the 
water content in marine fuel oil increases.  

We can draw a preliminary conclusion that  
TGP-F/01 reduces viscosity of the WFOE, i.e. viscosity 
of WFOE without TGP-F/01 would be higher.  

The density of WFOE increases with the 
increased water concentration in the emulsion.  
It conforms to the physical laws, as water density is 
higher than marine fuel oil density. It may be so that 
WFOE becomes slightly denser at storage and 
transportation. 

Examination of the structure of WFOE was 
performed at the Central scientific-research institute of 
naval fleet (Saint-Petersburg) using optical-electronic 
device «Wideomat». To determine the particle size and 
structure, samples of the WFOE were heated to 800 °C 
and homogenised. WFOE drops were applied to the 
slides and analysed in the device. Optical examination 
of samples was performed at 360-fold magnification. 
Water globule sizes were calculated using specialized 
computer software. 

Images of samples of the original IFO-380 marine 
fuel oil and the WFOE are presented in Fig. 2. 

Analysis of the WFOE sample allows to conclude 
that resinous molecules encapsulate water globules 
forming developed interphase surface. Thickness of 
the resinous shell is commensurable to the size of 
water globules. Resinous films of asphalt-resinous and 
solid-resinous structures also form shell around water 
globules and mechanical particles (solid particles). 

The most homogenous and fine-dispersed water-
fuel structure was obtained in 5 % WFOE and 10 % 
WFOE solutions. Average size of water particles 
constituted 1 µm in the 5 % WFOE solution and 3 µm 
in the 10 % WFOE solution. Average size of water 
particles in the 15 % and the 20 % WFOE solutions 
was larger and constituted 3 and 5 µm, respectively. 
Irregularly distributed water globules could be seen in 

the two latter solutions. In the 15 % WFOE-DW and 
the 20 % WFOE-DW solutions particle size was even 
larger and constituted 12 and 13 µm, respectively. 

Closed cup flash point of the WFOE with  
TGP-F/01 was lower than that of the original marine 
fuel oil. Hypothetically when the emulsion is treated, 
the longer molecules of hydrocarbons are broken down 
and more volatile and more combustible components 
are formed. This effect is positive as fuels containing 
more combustible components burn more completely. 
However, fuel fire hazard increases as the flash point 
decreases.  

The content of sulphur and vanadium decreased 
with an increase in the concentration of water in the 
WFOE. Supposedly, these chemical elements formed 
compounds that could not be detected. When burning, 
reduced emissions of SO2 is expected from the WFOE. 
Besides for the reduced emissions of contaminants, 
the corrosiveness of fuel decreases as the content of 
sulphur and vanadium therein lowers. When the 
engines operate on fuels with low vanadium and 
sulphur content, the fuel equipment will be subject to 
lesser wear and corrosion.  

Presence of vanadium leads to formation of ash of 
high melting point that causes an intensive high-
temperature corrosion of the exhaust valve and seats 
thereof, and also of boiler super-heater pipes. Presence 
of sodium makes for ash formation. Nitrogen is mainly 
coming to the air combustion zone with vapours of 
seawater. 

When combusted, fuels even with low content of 
vanadium and sodium form salts and compounds 
(for instance, Na2V6O7) with a melting point close to 
the temperature of discharged gases. Vanadium oxides, 
formed during combustion, together with ferrous 
compounds act as catalysts in the process of oxidation 
of sulphur gas SO2 to SO3. The latter, combined with 
water vapours forms sulphuric acid. 

Melting point of vanadium oxide V2O5 is around 
680 °С. Under normal conditions it is removed from 
the cylinder as a solid matter together with combustion 
products. If there are sodium compounds in fuel, 
melting point of V2O5 drops considerably to 400 °С and 
lower. When temperature of the hot engine parts, for 
instance, of the exhaust valves, exceeds melting point 
of the oxide, the latter sticks to metal of the mounting 
sockets and edges, forming active corrosive deposits 
thereon, preventing tight closure of the valves. In this 
case, the valves are often overheated that in turn results 
in intensive growth of deposits. Further on, being 
exposed to impact stresses, these deposits partially 
detach and exhaust gases, being in the cylinder under 
high pressure and therefore moving at high speeds,  
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a) b) 

  

c) d) 

 
 

e) f ) 

  

g) h) 

Fig. 2. Images of the original/untreated  
IFO-380 marine fuel oil and WFOE: 

a – Marine fuel IFO-380; b – 5 % WFOE;  
c – 10 % WFOE; d – 15 % WFOE;  

e – 20 % WFOE; f – 5 % WFOE-DW;  
g – 10 % WFOE-DW; h – 15 % WFOE-DW;  

i – 20 % WFOE-DW i) 
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penetrate the formed slit. As a result, in several weeks 
of operation grooves and channels are formed on the 
valve edges causing rapid early failure of the valves. 
Free sulphur and H2S are not admitted in fuels of the 
marine engines.  

Sulphites, disulphites, thiophens, and other 
sulphur compounds, being oil components, are less 
aggressive. All sulphur compounds are corrosive 
towards engine metal parts as in the process of fuel 
combustion they turn into oxides SO2 and SO3, 
responsible for electrochemical corrosion. At high 
temperature (more than 600 °С), sulphur trioxide SO3 
can cause gas corrosion on the exhaust valves and 
separate parts of piston bottom. Moreover, sulphur 
oxides accelerate polymerization of fuel and 
lubrication oil hydrocarbons, resulting in proportionally 
increased incrustation and lacquer formation as the 
sulphur oxide content increases therein.  

Decreased coke ability of the WFOE at an 
increased water concentration, allows to expect that 
use of the WFOE will reduce incrustation in the engine 
and gumming of the engine injectors. Hypothetically, 
an increased ash content and hot filtering sediment can 
be explained by passage of mechanical particles from 
the system and precipitation of vanadium and sulphur 
salts.  

Water mass fraction in the WFOE does not 
correspond to the actual water content in the emulsion 
at 10% and higher. One can presume that an intensive 
cavitation treatment breaks water particles into 
globules of several micrometres in size (based on the 
preliminary research data) and less. Small sizes of 
water particles probably do not permit complete 
detection of water mass fraction in marine fuel oil. 

When the WFOE is used as fuel, the water phase 
therein can be partially dissociated as the fuel 
oxidation progresses during the pre-flame processes. 
Then, as a temperature increases in the active 
combustion phase, the reaction of water dissociation 
accelerates. An excess in the hydrogen atoms formed 
at dissociation is fast to diffuse in to the zone of 
excessive oxygen concentration, where the reaction 
thereof compensates for all energy spent on water 
dissociation. Involvement of an additional amount of 
hydrogen in the combustion reaction results in an 
increased amount of combustion products. Water 
molecules hasten the reaction path in the oxidation 
processes also due to the polar effect that considerably 
improves orientation of the fuel active radicals 
particles.  

Reduced viscosity of the WFOE containing TGP-
F/01 compared to the untreated marine fuel oil can 
reduce energy expenses for fuel transfer. Another 

important factor, in favour the WFOE use is the 
expected increased performance and lifetime of marine 
engine. When the emulsion is combusted, some drops 
hit the heated surfaces and explode thereon making for 
both deposits prevention and cleaning of surfaces from 
old ash formations.  

The high content of sulphur in marine fuel oils is 
one of the most serious problems of combustion. 
Sulphur compounds escape with smoke gases, 
polluting the atmosphere that is currently inadmissible 
due to hard requirements placed on the emissions of 
fuel power plants. The engines of ships running in 
coastal waters or ports of some states (the USA, 
Sweden, etc.) should not operate on fuels with sulphur 
content higher than 1.0 %.  

A preventive measure is use of sulphur trapping 
additives. These additives are added to smoke gases or 
bunker fuel oil. As major part of the additives is water 
soluble, addition of cheap components into emulsified 
water in small amounts provides a simple way for 
sulphur trapping and use of low quality marine fuel 
oils. Water-soluble polymer TGP-F/01, containing 
humic acids, can be an additive of this kind.  

 
Conclusions 

 
1. Multifunctional effects of humic substances as 

SAA support their use for improvement of WFOE 
quality parameters, and for replacement of more 
expensive industrial SAA products. Polymeric additive 
TGP-F/01, comprising a set of humic acids, exhibits 
good adsorbing and emulsifying properties. 

2. The most homogenous and fine-dispersed 
water-fuel structure could be seen in the 5 % WFOE 
and the 10 % WFOE. Mean size of water particles was 
1 µm and 3 µm in the 5 % WFOE and in the 10 % 
WFOE solutions, respectively. 

3. The experimental studies have demonstrated 
that addition of the polymeric additive TGP-F/01 does 
not change viscosity of the original marine fuel oil 
IFO-380. Viscosity of WFOE containing 30 % water 
without TGP-F/01 was twice as high as the viscosity of 
the original untreated marine fuel oil. Homogenisation 
of the TGP-F/01 with the marine fuel oil lowers 
viscosity of the latter, thus indicating that the amount 
of energy spent on fuel transfer can be reduced.  

4. The sulphur and vanadium content have 
decreased as the water concentration increased.  
It is expected that combustion of the WFOE can ensure 
considerable reduction in SO2 emissions. Apart from 
the reduced noxious emissions, a decrease in the 
sulphur and vanadium content in fuel will result in a 
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lower corrosive ability. Addition to emulsified water 
of small amounts of cheap compounds may be the 
simplest way of trapping sulphur and may render 
possible use of the low-quality marine fuel oils. 
The water-soluble polymer TGP-F/01 composed of 
aromatic polyoxipolycarboxylic acids can be used as 
an additive of the kind.  

5. Reduced coke ability of the WFOE at an 
increased concentration of water allows to expect that 
use of the WFOE will reduce incrustation in the engine 
and gumming of the engine injectors. 

 
References 

 
1. MARPOL Convention 73/78, Annex VI, IMO, London. 
2. Adamkiewicz A., Krzysztof K. (2007). Technologies 

reducing exhaust gas emissions from large marine diesel engines 
International congress of combustion engines ptnss kongres. 

3. Herdzik J. (2011). Emissions from marine engines versus 
imo certification and requirements of tier 3. Journal of KONES 
Powertrain and Transport, vol. 18, no. 2, pp. 161-167. 

4. Mysków J., Borkowski T. (2011). Marine engine exhaust 
gas emission after treatment system concept. Journal of KONES 
Powertrain and Transport, vol. 18, no. 4, pp. 307-315. 

5. Ivanchenko A.A., Okunev V.N., Tambovsky Y.V. (2009). 
Problems and ways of providing environmental safety of ships. 
River transport (XXIst century), no. 5, pp. 75-78. 

6. Mityagin V.G., Okunev V.N., Martyanov V.V. (2011). 
Problems related to marine diesel engines operation on different 
types of fuel. Journal of the University of Water Communications, 
no. 3, pp. 49-53. 

7. Patrov F.V., Vakhromeev O.S. (2010). Reduction in the 
concentration of nitrogen oxides in exhaust gases of marine 
engines, using water-fuel emulsions. Vestnik of Astrakhan State 
Technical University. Series: Marine engineering and technologies, 
no. 1, pp. 141-146. 

8. Zhang T., Okada H., Tsukamoto T., Ohe K. (2007). 
Experimental study on water particles action in the combustion of 
marine four-stroke diesel engine operated with emulsified fuels. 
25th CIMAC World Congress,  Vienna, Austria, 21-24 May 2007, 
vol. 1, paper no. 193, pp. 1743-1749. 

9. Andryuschenko S.P., Popkov V.V., Titov S.V., Yur G.S. 
(2012). Study on an engine operating on microheterogeneous 
water-fuel emulsion. Polzunovsky vestnik, no. 3/1, pp. 100-103. 

10. Khan M.Y, Karim A.Z.A., Hagos Y.F., Aziz A.R.A., 
Tan I.M. (2014). Current Trends in Water-in-Diesel Emulsion as a 
Fuel. The Scientific World Journal, article ID 527472, 15 p., 
http://dx.doi.org/10.1155/2014/527472  

11. Zavgorodny B. (2002). Increase of effectiveness of high-
viscosity fuel usage on shipboard. Maritime Industry, no. 1(14), 
http://mi32.narod.ru/01-02/zagorod.html 

12. Gridin S.V., Khokhlova A.L.( 2010). Assessment of eco-
economical effect from using water-bunker fuel oil emulsion made 
from bunker-fuel oil-containing waste materials, as fuels. 
Industrial heat engineering, vol. 32, no. 3, pp. 59-63. 

13. Kurnikov A.S., Panov V.S. (2011). Water-fuel emulsions 
qualitative parameters improvement. Journal of the University of 
water Communications, no. 4, pp. 30-33. 

14. Lif A., Holmberg K. (2006). Water-in-diesel emulsions 
and related systems. Advances in Colloid and Interface Science, 
vol. 123-126, pp. 231-239. 

15. Bertola A., Li R., Boulouchos K. (2003). Influence of 
Water-in-Diesel Emulsions and EGR on Combustion and Exhaust 
Emissions of Heavy Duty DI-Diesel Engines equipped with Common-
Rail Injector System, SAE Technical Paper 2003-01-3146, 
doi:10.4271/2003-01-3146. 

16. Ghannam M.T., Selim M.Y.E. (2009). Stability Behavior 
of Water-in-Diesel Fuel Emulsion. Petroleum Science and 
Technology, no. 27, pp. 396-411.  

17. Dantas Neto A.A., Fernandes M.R., Barros Neto E.L., 
Dantas T.N. Castro Dantas, Moura M.C. P.A. (2011). Alternative 
fuels composed by blends of nonionic surfactant with diesel and 
water: engine performance and emissions. Brazilian Journal of 
Chemical Engineering, vol. 28, no. 03, July-September, pp. 521-531.  

18. Badran O., Emeish S., Abu-Zaid M., Abu-Rahma T.,  
Al-Hasan M., Al-Ragheb M. (2011). Impact of Emulsified 
Water/Diesel Mixture on Engine Performance and Environment. 
International. Journal of Thermal & Environmental Engineering, 
vol. 3, no. 1, pp. 1-7. 

19. Ganiyev R.F., Kormilitsyn V.I., Ukrainsky L.E. (2008). 
Wave technology for producing alternative types of fuel and 
combustion efficiency thereof, Мoscow: Scientific publishing 
center R&C Dynamics, 116 p. 

20. Koryagin V.A. (1995). Combustion of water-fuel 
emulsions and noxious emissions reduction, SPb.: Nedra, 146 p.  

21. Chernikov V.V. (2000). Water-fuel emulsion: economy 
and efficiency, Innovations, no. 7-8.  

22. Perminova I.V. (2008). Humic substances – as a 
challenge to chemists of the 21 century. Chemistry and Life, no.1, 
pp. 50-55. 

23. Dagurov A.V., Khokhlova E.M., Stom D.I. (2010). 
Effects of humates on oil products. In the world of scientific 
discoveries, no.4, pp. 159-160. 

24. Stom D.I., Boyarova N.A., Dagurov A.V. Possible 
mechanisms of biological effect of humic substances. Siberian 
Medical Journal, 2008, no. 6, pp. 76-79. 

25. Dagurov A.V., Stom D.I. (2008). On the mechanism of 
humates effect on oil hydrocarbons. Natural Sciences. Journal of 
fundamental and applied researches, no. 4, pp. 15-18. 

26. Ryabova. I.N., Mustafina Z.G., Akulova Z.G., 
Satymbaeva A.S. (2009). Surface-active properties of humic and 
sulfochlorohumic acids. Colloid Journal, vol. 71, no. 5, pp. 729-731. 

27. Kim H. Tan. (2014). Humic Matter in Soil and the 
Environment: Principles and Controversies, CRC Press, 360 p. 

28. Khil’ko S.L., Titov E.V. (1993). Rheological properties 
of finely-dispersed water-coal suspensions of high concentrations. 
Colloid Journal, vol. 55, no 6, pp. 117-123.  

29. Khil’ko S.L., Titov E.V. (2000). Production and 
rheological properties of tar-based emulsion fuel compositions. 
Journal of Applied Chemistry, vol. 73, no. 8, pp. 1383-1386.  

30. Khil’ko S.L., Titov E.V. (2001). Method of production 
and rheological characteristics of lignite coal-based suspension 
fuel. Solid Fuel Chemistry, no. 1, pp. 78-87.  

31. Lomovsky O.I. (1999). Use of humates and production 
thereof from lignite coal by mechanical and chemical method. 
Treatment of Dispersed Materials and Media, Odessa: NPO 
VOTUM, no 9, pp. 116-129. 

32. Suslick, K. S. Sonochemistry. Science. 1990. Vol. 247, 
no. 4949. pp. 1439-1445. DOI: 10.1126/science.247.4949.1439. 

33. Hall S., Cooke M., El-Hamouz S.A., Kowalski A.J. 
(2011). Droplet break-up by in-line Silverson rotor–stator mixer. 
Chemical Engineering Science, no. 66, pp. 2068-2079. 

34. Promtov M. (2009). Analysis of basic parameters of 
radial types of pulsed rotary equipment. Chemical and Petroleum 
Engineering, no. 45, pp. 537-541. 

35. Paul E.L., Atiemo-Obeng V.A., Kresta S.M. (2004). 
Handbook of Industrial Mixing: Science and Practice, Hoboken 
NJ: John Wiley & Sons. pp. 399, section 7-3.1.4.  

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


