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Abstract. Water in diesel emulsion (WiDE) is a viable solution for lowering both NOx and 

Soot emissions from compression ignition (CI) engines. In this paper, the effect of WiDE on 

the combustion process and exhaust emissions of a prototype optically accessible CI engine 

was investigated through conventional in-cylinder pressure measurements and optical 

diagnostics. The emulsion (9.1%v of water) was produced through a prototype designed 

microchannels emulsifier with a small amount of nonionic surfactant. Commercial diesel was 

set as reference fuel and compared to WiDE. The start of injection (SOI) was swept from 8 to 

23 CAD BTDC. For diesel fuel, the injected mass and injection pressure were representative of 

a medium load regime, WiDE injection interval was adjusted to keep constant the energy 

content. Compared to Diesel, WiDE induced an increase in ignition time, enhancing the 

air/fuel mixing with a simultaneous reduction in PM and NOx. 2D chemiluminescent emission 

measurements highlighted a reduction in soot formation using WiDE, without significant 

changes in soot oxidation rate. 

1.  Introduction 

Due to high fuel efficiency and specific power output, Compression Ignition (CI) engines still 

represent a probable solution to meet the new stringent regulations on CO2 emission. However, this 

kind of internal combustion engines emits a high quantity of Nitrogen Oxides (NOx) and Particulate 

Matter (PM) and it is necessary to find new reliable solutions for satisfying worldwide exhaust 

emissions regulation [1-5]. 

In recent times, great attention has been paid to water addition in IC engines to lower air-fuel 

charge temperature with benefits for NOx and PM emissions. Water can be introduced using a 

separate injection system or by means of fuel as Water in Diesel Emulsion (WiDE) [6-8]. Water 

injection (WI) allows a simultaneous reduction in NOx and PM emission: NOx emission decreases 

due to in-cylinder temperature lowering and charge dilution; the larger induction time promotes a 

better air-fuel mixing, reducing the smoke. Compared to the emulsion, water injection allows changing 

the water-diesel ratio depending on the engine operative conditions. On the other hand, the complex 

engine design due to the introduction of a secondary injection system makes this solution expensive 

http://creativecommons.org/licenses/by/3.0
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and unfeasible. Moreover, a double injection system could lead to local too high water concentration 

region and impingement against the cylinder wall with risk of water dilution in the oil. 

The usage of WiDE does not require any modification of the engine. Up to the present time, many 

aspects of WiDE have been studied, especially regarding diesel engine performance and the emission. 

The results from the scientific literature on this topic show a reduction in NOx, smoke and fuel 

consumption over diesel fuel [9]. WiDE has been found to improve brake power, torque and thermal 

efficiency (BTE), compared to net Diesel at medium-high load in a wide range of engine speeds [10-

13]. Compared to WI [7, 8], WiDE provides larger reduction in PM-NOx emission, with further 

benefits on engine performance. While WI induces a lowering of fuel efficiency and of BTE due to the 

reduction in the charge temperature, WiDE provides a more efficient combustion even over net diesel 

fuel. The reason for this improvement should be ascribed to the micro-explosion phenomenon [10, 11, 

14]. 

Microexplosion is the rapid breakup of emulsion droplets into smaller droplets due to the difference 

in the evaporation rates of diesel and water: water reaches the boiling point faster, destroying the 

diesel shell [15]. These microexplosions induce a fast break-up or secondary atomization of the fuel 

droplet, which, in turn, causes rapid fuel evaporation and, hence, leads to an improved air-fuel mixing. 

The atomization efficiency of droplets microexplosion depends on engine operating conditions [12] as 

well as on the emulsion structure [15]. The size distribution of the dispersed water droplets affects the 

BTE [16], NOx emissions, smoke and unburned Hydrocarbons (UHC) [17, 18]. 

From a thermodynamic point of view, an emulsion is an unstable system and this turns out to be a 

serious drawback. Instability of emulsions leads to floating of droplets to the surface, cohesion 

between droplets, and finally to creaming and separation. To prevent this phenomenon, surfactants 

have been widely used but they can favor the raise of sludge and cause the wear of the engine 

components. With this aim, emulsifier technology, capable to produce the fuel emulsion on board, 

right before the injection, can overcome stability issues without the use of additives [19, 20].  

This paper reports the results of an experimental activity carried on WiDE (9.1%v water 

concentration) produced through an especially designed microchannels emulsifier [21] and injected in 

a prototype single cylinder high swirl CI engine, equipped with a common rail injection system.  

Thermodynamic analysis was performed and exhaust pollutant were measured at the exhaust. 

Combustion digital imaging was applied in the optically accessible combustion chamber: more in 

details, 2D chemiluminescence was detected through flame emission filtering at 690 nm to follow the 

soot evolution. The aim of the paper is to fill the scientific knowledge lack on the effect of WiDE on 

combustion in a real engine system. 

2.  Experimental set-up and procedure  

2.1.  Microchannels Emulsification  

An especially designed microchannels emulsifier, shown in figure 1, was used to produce the emulsion 

[21]. Two pumping systems supply controlled flows of water and diesel fuel to the emulsifier. In 

particular, a double piston displacement pump (ARMEN - APF-100-251) is used for water and two 

turbo-pumps arranged in series for diesel fuel. Diesel flow rate can reach values higher than 300 

ml/min with a pressure drop of 0.4 MPa. 

Pressure sensors (measuring range between 0 and 2.5 MPa and accuracy of ± 0.25% of full scale) 

allow a precise control of flow rate between the pump and the inlet of the microchannels. The sensors 

measure the relative and static pressure for each of the two mixed phases. Connections between pumps 

and microchannels are made using Fluorinated Ethylene Propylene (FEP) tubes with an inner diameter 

of 1.55 mm and an outer diameter of 3.125 mm. 
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Figure 1. a) Emulsification set-up, b) schematic of Microchannels Emulsifier c) sketch of 

Water/Diesel impinging zone. 

 

A sketch of microchannels in the emulsifier is shown in figure 1 b): two square cross section 

crossing microchannels allow two separate inlets for Diesel and water and two WiDE outlets. Diesel 

and emulsion channels cross section sizes are 600 µm x 600 µm, while the water one is 300 µm x 300 

µm. As shown in Figure 1 c), water and Diesel are forced to impact head-on, with a slight 

misalignment to promote a swirl flow in the impingement zone. This kind of emulsifier has been 

developed to comply with required characteristics of WiDE (mean diameter of droplet ~ 4 µm, narrow 

size distribution, water fraction smaller than ~ 10%). Further details about WiDE procedure can be 

found in [21]. 

This system allows producing an emulsion suitable for immediate use without additives, anyway a 

small amount (0,2%v) of nonionic surfactant (SPAN80) was added in order to store the emulsion. For 

this work, the water concentration in WiDE was 9.1%v. 

2.2.  Engine Test Bench and Optical Diagnostic Experiments  

The experiments were carried out in a single cylinder 2-stroke compression ignition engine, sketched 

in Figure 2. An external high swirl optically accessible combustion bowl (diameter: 50 mm and depth: 

30 mm), equipped with a high-pressure common rail injection system, is connected to the main 

cylinder through a tangential duct. The engine runs at the fixed speed of 500 rpm. Compressed air 

flow is forced within the combustion bowl when the piston approaches Top Dead Centre (TDC). As a 

result, a counter clockwise swirl flow is obtained, reproducing a fluid dynamic environment similar to 

a real light duty direct injection diesel engine, with the rotation axis coincident to the symmetry axis of 

the chamber. Further engine specifications can be found in [22]. 
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Figure 2. Sketch of the optically accessible engine (a) and cross section of the optically accessible 

combustion chamber (b). 

 

The nozzle is mounted within the combustion bowl, with its axis coincident to the chamber axis. 

The fuel is sprayed within the swirling air motion and the combustion process mainly develops within 

the chamber. After TDC, as the piston moves downward, the flow reverses its motion and hot gases 

flow through the tangential duct to the cylinder and finally to exhaust ports. The combustion chamber 

is equipped with a circular shaped (50 mm diameter) optical window, in front of the injector, used to 

collect images. A common rail injection system supplies fuel to a solenoid-controlled injector, located 

on the opposite side of the circular optical access. The nozzle is a micro-sac 7 hole, 0.136 mm 

diameter, 148° spray angle nozzle. An external roots blower provides an intake air pressure of 0.107 

MPa with a peak pressure within the combustion chamber of 4.3 MPa under motored conditions. A 

crank angle encoder signal synchronized the camera acquisitions and the engine, through a delay unit. 

The AVL Indimodul recorded the Transistor-Transistor Logic (TTL) signal to monitor optical 

acquisitions, the current signal from injector solenoid and the in-cylinder pressure trace. Results of the 

in-cylinder pressure, acquired by a piezo-quartz transducer, were computed averaging 200 consecutive 

engine cycles. Exhaust gaseous emissions were acquired by the AVL DiGas 4000 analyzer for NOx (1 

ppm resolution). Smoke was measured by a part flow Opacimeter (AVL 439); the opacity was 

correlated to the PM concentration through an empirical formula [23]. 

Tests were carried out comparing combustion and emissions of the reference commercial diesel 

fuel to the WiDE ones. Considering the water inert for combustion, the comparison was done by fixing 

the quantity of diesel fuel injected. A single injection strategy was chosen, and the start of injection 

(SOI) was swept from 23 to 8 Crank Angle Degree before the TDC (CAD BTDC) with a step of 3 

CADs. For the diesel case, the whole amount of injected fuel and injection pressure were set at 22 

mg/str and 80 MPa, respectively, corresponding to a medium load regime for an automotive light duty 

diesel engine. For any investigated fuel and operating point, engine tests were carried out changing the 

injection interval to achieve the same chemical energy as the reference diesel (935 J/str). 

2D chemiluminescent emission measurements, during the whole combustion process, were carried 

out using a Charge-Coupled Device (CCD) camera (pco.2000) coupled with a band-pass filter, 

centered at 690 nm, to discriminate the soot emission from other excited chemical species contribution 

in the visible wavelength range as CH and C2 [23].  

The high transmission (85%) and small width (12 nm FWHM) of the band-pass filter allowed to 

separate the soot emission from other exited species [24]. 
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2.3.  WiDE characterization 

The structure of WiDE was investigated by means of an optical microscope (Olympus BX51), 

allowing to get information about the size distribution of water droplets inside the diesel matrix. Three 

different samples were collected in order to estimate the emulsion quality and stability: the first one, 

immediately after the emulsification process (fresh WiDE), the second one was aged for 24 hours at 

room temperature (about 20°C), while the last one was circulated in the common rail system under 

low/high pressures loop condition (0.04MPa/150MPa), for two hours. An example of micrograph 

referring to the fresh WiDE is shown in figure 3a). 

The micrographs were analyzed through ImageJ, a Java-based image processing software. A 

droplets counting and sizing procedure was applied to compare the diameter distribution of the three 

WiDE samples. The results are shown in figure 3 b). For each investigated sample, the size range is 

quite narrow, with a peak between 1 and 2 μm. A slight growth in the size was found when aging the 

WiDE, a further increase was found after the low/high pressures loop. As general remark, the 

emulsion can be considered stable and its breakdown after aging is not significant with a fine size 

distribution of the dispersed phase even after tests in the common rail pumping circuit. 

 

 

3a     3b 

 

Figure 3. Fresh WiDE emulsion micrograph (a) and size distribution histogram of the three WiDE 

samples (b). 

 

A quantitative comparison of the three distributions was performed by estimating the area A0.5-

4.5, defined as the count of droplets in the range of diameters between 0.5μm and 4.5μm. The area 

A0.5-4.5 represented the 65% of the area representative of the total droplets population for the three 

samples. This indicates a very fine dispersion of the water phase. The water droplets histogram of the 

fresh emulsion (blue curve) shows an A0.5-4.5 of about 72% and a modal value of 1.5 µm. This value 

increases to 2.0 µm for the aged 24 hours WiDE (green curve), showing a very limited water droplets 

coalescence. A narrower distribution was found when WiDE was circulated in the common rail system 

under low/high pressures loop condition (red curve) if compared to the fresh WiDE, with A0.5-4.5 

=82.9% and a modal size of the dispersion phase of 2.5 µm. 

 

3.  Engine tests 

In the preliminary part of the experimental activity, engine tests were carried out to estimate the effect 

of start of injection (SOI) and fuel on performance and emissions. Figure 4 shows the in-cylinder 

pressure traces for Diesel (a) and WiDE (b) combustion, for all the investigated injection timing. Early 

SOIs induce early start of combustion (SOC) and, as the injection timing is advanced, the pressure 

peak increases. For each test case the emulsion provides a stable combustion pressure curve with a 

behavior similar to diesel, except for the increase in air-fuel mixture ignition time.  
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Figure 4. Pressure trace for diesel (a) and WiDE (b) at different starts of injection. 

 

Figure 5 reports the ignition delay (ID) (a) and maximum in-cylinder pressure (b). The ID is 

obtained as the difference in CAD between the electronic start of injection and the SOC, defined as the 

relative maximum of the pressure trace first derivative. In order to operate at the same fuel chemical 

energy content for both fuels, the injection duration was set at 2.6 and 2.7 CAD for Diesel and WiDE, 

respectively. The minimum ID evaluated is 3.8 CAD at SOI=8 CAD BTDC for Diesel fuel. This 

means that, for every operative condition, the injection can be considered complete before the SOC. 

For both fuels, a rise in ID is recorded by advancing the injection, with a maximum value of about 

8.75 CAD at SOI=23 CAD BTDC for WiDE. An almost constant ID increase versus start of injection 

of about 0.7 CAD can be observed switching from diesel to emulsion. The larger ignition time, due to 

the lower temperature caused by water evaporation, results in an increase in the amount of fuel burned 

during the premixed phase, with a consequent increment in pressure peak (figure 5 b). When retarding 

the SOI, a slight decrease in in-cylinder pressure maximum is found and the different behavior 

between Diesel and WiDE is reduced. 

 

 
(a)     (b) 

Figure 5. Effect of WiDE on Ignition Delay (a) and Pressure Peak (b). 

 

Figure 6 shows NOx-soot trade-off for all investigated test conditions: the behavior is the typical 

one for diesel combustion emissions. In fact, at the earliest SOIs the soot production is negligible for 

both fuels until 14 CAD BTDC SOI, while a NOx maximum of 146 ppm is obtained for Diesel at the 

most advanced injection timing (23 CAD BTDC). The WiDE combustion, even though displays a 

similar behavior, strongly reduces both NOx and soot emissions.  

In agreement with results reported in the scientific literature [7], emulsion is very effective in 

reducing NOx levels. This can be explained as follows: water evaporation reduces local temperatures 

in the spray, including those of zones where NO is produced (on the lean side of the diffusion flame 

during injection and in the combustion products after the end of injection). This results in a NO 
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production rate decrease [25]. Moreover, for a given mass of burned fuel, the heat is released in a 

higher mass of gas (because of the dilution of the fuel by water). As a result, the dilution by water has 

a positive local thermal effect on NO reduction. In addition, Miyauchi et al. [26] reported that the 

presence of water can form OH radicals: this promotes the oxidation of hydrocarbon fragments and the 

reduction in NO levels. 

As regards PM emission, the larger ID, due to the water content, reduced the locally rich fuel/air 

mixture regions in which the soot is produced. Moreover, WiDE injection strategies induced an 

increase in air entrainment per unit of diesel-fuel mass; this effect results in a decrease of PM 

emission. The best compromise for NOx-soot, intended as the cross of soot and NOx curves, was 

obtained close to 11 CAD BTDC, while the injection timing at SOI=14 CAD BTDC was the latest 

case characterized by close to zero soot emission (~1.5 mg/m3 for WiDE). For this reason, these two 

injection timings were selected as reference test conditions for the optical investigation. 

 

 

Figure 6. Effect of WiDE on PM-NOx trade-off. 

 

Figure 7. Effect of WiDE on CO and CO2 (a) and on O2 uHC (b) exhaust emission. 

 

Figure 7 a) shows the CO and CO2 exhaust emissions versus the Start of Injection for both 

investigated fuel. As concerns CO2, the trends measured for diesel and WiDE are very close, with 

emulsion a little bit below the diesel one. The maximum difference is of 0.2% at -23 CAD ATDC. 

Such a difference, even low, should be attributed to the different combustion phasing due to the 

increase in ignition delay when the engine is fueled with emulsion. As expected CO emission is close 

to zero for both fuels, due to the high air excess typical of compression ignition engines. The CO 

emission is always below 0.05 % suggesting that the use of emulsion does not result in a worsening of 

combustion. Figure 7 b) refers to the O2 and unburned hydrocarbon (uHC) levels. The combustion is 

characterized by high oxygen content at the exhaust, with a trend almost constant versus the injection 

timing without significant variation when switching from Diesel to WiDE. As expected the high 
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oxygen content results in an almost negligible uHC emission (below 10 ppm) for Diesel. The 

introduction of water in the cylinder does not lead to a worsening of the combustion as the water is 

finely dispersed in the diesel matrix and it quickly evaporates. As a result, the uHC emission is close 

to zero as for the reference case. 

Optical diagnostics have been applied in the combustion chamber in order to better understand the 

differences among the two fuels during the combustion process. More in details the combustion 

luminosity is acquired through an intensified CCD camera coupled to a bandpass filter centered at 690 

nm. In this way, only the emission signal of soot is detected. The images have been post processed 

using ImageJ software. In particular, for each image the mean gray value and the center of mass 

position are obtained. The mean gray value is the average gray value obtained as the sum of the gray 

values of all the pixels in the image divided by the number of pixels. The Center of Mass (CoM) is the 

brightness-weighted average of the x and y coordinates of all pixels in the image. Connecting two 

consecutive points of the CoM trajectory, displacement vectors are obtained: they are able to show the 

direction and distance traveled with a straight line.  

Figure 8 reports a sequence of images acquired for the two fuels and the two selected start of 

injection (11 CAD BTDC_lower sequences and 14 CAD BTDC_upper sequences), from the first 

significant luminous signal until the end of combustion. The flame is centered on the symmetry axis of 

the chamber, coincident with the injector axis. The spatial distribution of luminous signal highlights 

the swirl motion within the chamber, generated during the compression stroke by the tangential duct 

connecting the optically accessible combustion chamber to the main cylinder.  

 

 

Figure 8. Soot emission visualization for diesel and WiDE at SOI= 11 CAD BTDC (upper) and 14 

CAD BTDC (lower). 

 

At 11 CAD BTDC SOI (figure 8_upper), the Diesel combustion luminosity increases due to the 

soot formation, up to a maximum at around TDC, followed by an intensity reduction due to the soot 

oxidation. Immediately after the TDC, the swirl air flow reverses pushing the hot gases toward the 
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tangential duct to the cylinder. As a consequence, the flame region quickly reduces. At 14 CAD 

BTDC SOI (figure 8_lower), the combustion starts some CADs before; the luminosity maximum is 

around 4 CAD BTDC. Compared to the later start of injection, the lower luminous signal is indicative 

of lower soot mass formation. Similarly, for both SOIs, the Diesel combustion is featured by higher 

luminous signal pointing out a strong soot reduction when switching to WiDE combustion. 

Figure 9 reports the trajectory traced by the CoM in a zoomed area corresponding to the square in 

figure 8 (up - right). As shown, at SOI=14 CAD BTDC the center of mass moves with a counter 

clockwise motion and its path is wider if compared to the condition SOI=11 CAD BTDC. 

 

Figure 9. Center of mass trajectory in a zoomed area corresponding to the square reported in Figure 7 

at SOI= 11 CAD BTDC (upper) and 14 CAD BTDC (lower). 

 

At a fixed SOI, the trajectory is very similar for both fuels: it indicates that this parameter is mainly 

influenced by the fluid dynamic in the combustion chamber rather than by the fuel properties. 

To easily follow the soot formation mechanism, the average gray value has been obtained for each 

image. The results are shown in figure 10: the plots refer to the average ensemble over 10 acquisitions. 

For both fuels and SOIs, the profile is characterized by a first linear increasing tendency due to the 

soot formation up to a maximum followed by a linear decreasing trend, due to the oxidation. The 

emulsion induces a strong reduction in soot formation at both investigated SOIs, while the soot 

oxidation rate is almost the same. 
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Figure 10. Evolution of soot average gray value at SOI= 11 CAD BTDC (left) and 14 CAD BTDC 

(right). 

4.  Conclusions 

2D chemiluminescent emission measurements were carried out in a prototype optically accessible CI 

engine, fuelled with water in diesel emulsion (WiDE), to investigate the combustion process 

evolution and exhaust emissions. A band-pass filter, centered at 690 nm, was applied to discriminate 

the soot evolution. Engine tests were performed by comparing combustion and exhaust emissions of 

the reference commercial diesel to the WiDE. A prototype specifically designed microchannels 

emulsifier was used to produce WiDE; a small amount (0,2%v) of nonionic surfactant (SPAN80) was 

added to stabilize the emulsion.  

The WiDE formed by means of the microchannels system resulted stable and the dispersed water 

phase showed a very fine size distribution with a narrow shape even after running into the high 

pressure common rail system. 

Engine tests highlighted an increase in the ignition delay with the WiDE compared to the diesel 

fuel, resulting in a better air/fuel mixing with a reduction both in PM and NOx.  

The flame emission of Diesel combustion exhibited higher luminosity compared to the WiDE 

combustion, indicative of a greater soot mass formation. 

The water emulsion lowered the soot formation process while the soot oxidation rate was not 

affected, as demonstrated by the spatially integrated luminosity, computed over the whole combustion 

image. 

In conclusion, the experimental activity demonstrated the efficacy of the prototype microchannels 

emulsifier to produce stable WiDE, reducing engine PM and NOx emissions, without penalties on 

performance. Further development of the prototype emulsifier will be aimed at using this device inline 

in the engine to avoid the use of surfactants, currently necessary to face the issues associated to WiDE 

storage. 
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