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1. Introduction

The diagnostics of combustion engine components currently re-
quires the integration of many technical and scientific fields in or-
der to quickly and accurately locate faults or pinpoint the causes of 
malfunction. The injection system is one of the most sensitive en-
gine systems, which in compression-ignition engines requires more 
rigorous performance and fit regimes than in spark ignition engines. 
Evaluation of the injection system components and in particular of the 
injectors is carried out by analyzing the degree of their contamination 
by external or internal deposits resulting from the combustion of fuels 
and lubricating oil [16]. 

The use of additives for diesel fuels aims to limit the formation 
of such deposits. 

Studies on the use of detergent-dispersant additives were con-
ducted by Beck et al. [1]. They have shown that these additives are 
suitable for increasing the oxidation resistance of pure diesel and bi-
odiesel blends. With respect to the fuel samples tested - biodiesel, 
diesel and their mixtures, the reduction of oxidation stability due to 
prolonged shelf life may be partially compensated by the use of se-
lected dispersant-detergent additives. Additives prevent the formation 
of radicals and neutralize carboxylic acids and thus increase the oxi-
dation stability of the fuel samples. 

When analyzing the effects of detergent-dispersant additives 
Żak et al. [19] have shown that they have a significant effect both 
on the state of the compression-ignition combustion engine fuel sup-
ply equipment as well as on the reduction of exhaust gas emissions 
(mainly for particulate matter). 

Khalife et al. [5] analyzed the effects of various additives on fuel 
consumption and emissions, and showed that oxidation additives have 
the most significant impact on these values. They increase fuel con-
sumption while reducing CO, HC and PM emissions, while slightly 
increasing NOx emissions. It has also been shown that non-metallic 
additives (such as carbon nanotubes) have the least notable impact on 
these values.

Nano-additives to fuels are becoming increasingly important. 
Shaafi et al. presented their full characteristic in [15]. This revealed 
the impact of the use of metal nano-additives, metal oxides, magnetic 
fluids, carbon nanotubes and mixtures thereof on engine performance 
and emissions. It has been found that using mixtures of nano-additives 
into pure diesel fuel increases nitrogen oxide emissions, due to the in-
crease in the combustion chamber maximum temperature. It has been 
shown that emulsification (the use of water) is the best way to reduce 
NOx emissions, but also limits the engine performance.

Reducing the buildup of residues can lead to changes in fuel 
spraying and combustion in the combustion chamber. Hence the need 
to study the fuel stream geometric parameters, not only as a result of 
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the engine operation of the wear of components, but also as a result of 
using fuel additives. 

Fuel stream research is used mainly to determine the main spray 
indicators, such as the stream range, the area of the jet (defined as flat 
image exposure) and the jet incidence angle. Many studies employ 
fixed volume chambers to study these quantities using halogen lamps 
[13], LED [7] or laser light [18]. 

The study of fuel streams geometric indicators is usually 
performed using optical methods. They allow for precise de-
termination of the stream range in different temperature con-
ditions of the medium. They also often include images from 
varying view angles to allow for corrections in determining 
the stream. Flat image exposure is used to determine the 
area of   the fuel stream. There are methods of masking each 
stream to individually determine their parameters. The stream 
cone angle is determined using several methods. The basic 
methods allow to determine it at 
any distance from the atomizer, 
analyzing the width of the stream 
in a given cross section [8]. Oth-
ers are based on the averaging 
of such magnitudes after taking 
into account several stream width 
values. The latest method, which 
allows for some level of automa-
tion, was devised by Naber and 
Siebers [8]. It enables determin-
ing the cone angle based on the 
knowledge of the stream surface 
area and its range [10]. So, to de-
termine the stream cone angle, it 
is necessary to know the value of 
these several parameters. 

Ghahremani et al. [2] deter-
mined the geometry of the fuel 
stream based on experimental 
studies. Equations describing 
the range and surface area of the 
stream were determined (fuel and 
medium density, kinematic vis-
cosity and surface tension of fuel) 
using the physical and chemical 
properties of the fuel (bio-diesel). 
The maximum range error was 
9% and for the area it was 12%.

2. Research motivation

Studies of fuel spray indica-
tors conducted with respect to 
injectors in compression-ignition 
engines are primarily concerned 
with the assessment of changes in the stream geometric parameters 
resulting from their operation. The aim of this article was to determine 
the influence of different fuels on these indicators in addition to ob-
taining the indicator values themselves. Another issue was the estima-
tion of fuel atomization time, with which it is possible to determine 
the described changes in geometric parameters. 

3. Research methodology 

3.1. Test objects

The study of the fuel stream geometric parameters for different 
fuels was performed using three groups of injectors and two types of 

fuel. New injectors (designated n1) and injectors previously used in 
vehicles (designated u1 and u2) were used. Their characteristics are 
shown in Table 1. The tested injectors were characterized by an 8-pore 
atomizer with a 162° angle between the fuel jets.

Base diesel fuel (B7 fuel labeled as #1) and diesel fuel with a set 
of additives (labeled #2) are included in the study.

3.2. Research apparatus

A fixed volume chamber with a set backpressure value was used 
to determine the fuel stream geometry, using a diesel fuel injection 
(the exact description of the chamber can be found in [14]). Fuel in-
jection at 35 MPa (corresponding to idle and low load conditions) and 
injection time of 0.3 ms were used in the research. For these condi-
tions it is possible to accurately determine the stream geometric pa-
rameters. At the same time it also becomes possible to determine the 
effect of the injectors used on the change of the spray parameters. 
High fuel pressure values result in high flow rates, which results in 
fewer data records being recorded in a given measurement range. The 
measurement range is due to the size of the video window of the fixed 

Table 1. Characteristics of the injectors used in the tests

Injector Fuel Notes Injector mileage [km]

n1 #1 New injector 0

n1 #2 New injector 0

u1 #1 Used injector/vehicle 1 80 000 

u2 #2 Used injector/vehicle 2 80 000

Table 2. Selected properties of the base and modified diesel fuel

Test type Unit
Result

Diesel oil B7 Diesel oil with
INIG additives

Cetane index – 57.6 57.8

Cetane number – 53.3 54.7

Density at 15°C kg/m3 828.7 828.6

Content of polycyclic aromatic hydrocarbons % (m/m) 1.1

Sulfur content mg/kg below 5 below 3.0

Ignition temperature °C 88 87.5

Coking residue (with 10% distillation residue) % (m/m) 0.062 0.074

Incineration residue % (m/m) 0.001 0.004

Water content % (m/m) 0.005 0.0005

Impurities content mg/kg 2.1 6.7

Corrosion test on steel (3 h, in the temperature of 
38°C)

corrosion de-
gree trace B++ corrosion trace

Fatty acids methyl esters (FAME) % (V/V) 5.6 –

Oxidation resistance hg/m3 35.97 2.0

Lubricity, corrected average wear trace diameter (WS 
1.4) at 60°C µm 180 337

Kinematic viscosity at 40°C mm2/s 2.7175 2.711

Fractional composition
at temperature up to 250°C distills
at temperature up to 350°C distills
95% (V/V) distills at temperature

% (V/V)
% (V/V)

°C

27.3
97.7

333.0

26.3
97.2

328.0
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volume chamber [13]. The size of the quartz window used was 
90 mm – Fig. 1. 

Fuel injection into a fixed volume chamber was performed 
using an oil injection system along with its conditioning – 
STPiW3 from Mechatronics. The system uses a CP4.1 pump 
with a maximum fuel injection pressure of 200 MPa. In order 
to provide comparable testing conditions, the fuel temperature 
was maintained at 42°C.

The optical analysis of the fuel injection and atomization 
process was carried out using LaVision’s high speed, mono-
chrome HSS5 camera, with the 10 kHz (∆t = 100 µs) frequen-
cies at a resolution of 512 × 512 pixels (examples are shown in 
[12]). The work area was 410 pixels, which, at the size of the measur-
ing window (90 mm), allows for a 1 pixel = 220 μm imaging (or 1 mm 
= 4.55 pixels). This value is sufficient to carry out accurate analyzes 
of the fuel stream geometric parameters.

3.3. Results analysis

The recorded images were further processed 
to obtain fuel injection indicators from injectors 
with different mileage (new and used).

The study of injection indicators was car-
ried out independently for each of the eight 
fuel sprays and the parameters determined in-
cluded:

stream range; it is defined as the maxi-a) 
mum distance from the atomizer to the 
adopted luminance boundary of the fuel 
stream image. Preparation of the images 
to evaluate the fuel stream range con-
sisted of selecting the test area (applying 
masking of the image) and subtracting 
the background (measured noise). The 
fuel stream range was determined indi-
vidually for each stream. 
fuel stream area; it is defined as the b) 
number of pixels within the specified lu-
minance intensity range. These tests were 
performed by determining the coordinates 
of triangles on each of the fuel streams. 
the fuel stream cone angle; this value was determined using c) 
the method devised by Naber and Siebers [8]. It is possible 
to use typical algorithms to search for the stream cone based 
on the edges of the fuel jet streams, but this method is used 
increasingly less often due to the low accuracy and lack of 
precise guidelines for determining the rules of such methods. 
The Naber and Siebers method can be used for any injector in 
compression-ignition engines with different fuel outflow angles 
[9]. This algorithm requires determining the range of the fuel 
stream and then using half of that value and determining the 
fuel stream area for that range value. With this method it is pos-
sible to determine half of the stream cone angle value:

 ( )22 / 2

Ptg
S

α ∆  = 
   

where: α – fuel stream cone angle, P∆ – triangle surface area, S – 
maximum fuel stream range (Fig. 2).

The method of image processing and determination of individual 
spray indicators is shown in Fig. 3. The results obtained with this 

method (for each stream and for the full atomization time) mean that 
the results of initial values obtained for the fuel stream development 
will be subject to a large error resulting from the small developed fuel 
stream area value. With the development of the stream, the value of 
the resulting cone angle of the stream should be constant.

4. Analysis of fuel spray geometric parameters and 
selection of the comparative index

4.1. Assessment of individual fuel spray indicator values

The methodology described above was used to determine the 
range of individual fuel streams. An average of these values was cal-
culated, and presented in the form of lines without any visible meas-
ured points (Fig. 4a). Conducted research indicates the similarity of 
the range of individual fuel streams. It can also be concluded that 
analyzing each of the streams individually is necessary, since the ar-
bitrary choice of one fuel stream does not permit full analysis of such 
atomization. Representative streams can be indicated in the analyzed 
results – similar to the average values. However, this selection is pos-

Fig. 2. Method for determining the fuel stream cone angle

Fig. 1. Test bench

Fig. 3. Image processing and determining the geometric indicators of the fuel stream
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sible only after individual stream analysis. There were no significant 
differences in the range of individual fuel streams using standard fuel 
(diesel). In the analysis of the modified fuel range, however, it was 
found that there are two streams that differ significantly from the oth-
ers. Such cases occurred during the stream range analysis of both, the 
new and the used injectors. It is not possible to deduce the difference 
in the wear level of the injectors or to change this value by using dif-
ferent fuels based on the analysis of individual stream ranges.

Analysis of the injected fuel stream surface area indicates the ex-
istence of significant differences when determining this value. Using 
this indicator, it is possible to assess the operational wear of the injec-
tor, as the stream surface area is significantly smaller (Figure 4b). It 
was thus also found that the analysis results of 
only one fuel stream could not be representative 
of the injectors operational changes.

The assessment of the fuel stream cone an-
gle (Fig. 4c) indicates the existence of the low-
est scatter values (spread at t = 1.6 ms between 
the new injectors is 4 percentage points). Ana-
lyzing this angle indicates a high repeatability 
of this measurement for each fuel stream. It is 
also possible to determine the injector wear, 
since as the injector mileage increases the fuel 
stream cone angle decreases. 

4.2. Assessment of fuel spray indicators limits

Due to the discrepancies in the fuel spray indicators of different 
streams mentioned previously, their limit values were determined. 
Stream range analysis indicates an increase in the differences with the 
streams development. The fuel spray limit values are similar (Figure 
5a). At time up to 0.6 ms, the differences in the stream ranges are 
small and are about 14.9% for new injectors regardless of fuel type. 
After this time, however, these values increase to 30.5% for the injec-
tion of both fuels (at atomization time t = 1.6 ms after injection start 
time). The spread of values obtained for the used injectors #1 and #2 
are: 17.5% and 22% respectively (0.6 ms after injection start) and 

26.9% and 33% (at 1.6 ms) respec-
tively. 

The boundary values of the 
stream surface areas vary more 
significantly (Figure 5b). The in-
vestigations of new injectors in-
dicate a much smaller spread be-
tween them than observed for the 
used injectors. However, the abso-
lute value analysis allows to con-
clude that the differences in this 
case are smaller (between used 
injectors fed with different fuels). 
The smaller fuel stream surface 
area is caused by injector wear 
and tear (smoldering of atomizer 
holes), the smaller differences in 
values are due to the same level 
of injector wear. New injectors 
were characterized by increased 
differences in manufacturing and 
machining and were not subjected 
to several hours of operation. Up 
until 0.6 ms time the stream sur-
face area differences were small 
and amounted to 15–19%. In both 
cases, the final stream surface area 
values (at t = 1.6 ms after injection 
start) were found to be in the range 
of 60–75%. This result may be due 
to the different manufacturing ac-
curacy of the injector holes. The 
change in the range of stream area 
value analysis (t = 1.6 ms) does not 
exceed 5 percentage points (new 

Fig. 4. Results of fuel spray indicator tests: a) fuel stream range – S, b) fuel stream area – A, c) stream cone angle – al-
pha

Fig. 5.  Evaluation of limit values and differences of these values during fuel injection: a) stream range – S, 
b) stream surface area – A, c) stream cone angle – alpha

b)

a)

c)

a) b) c)
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injectors) and 11 percentage points when analyzing injectors previ-
ously used. 

Changes in the fuel stream cone angle are quite uniform through-
out the injection period. The initial large angle values are due to the 
low corresponding fuel range value. Later on in fuel injection, similar 
changes for each test are observed. Up to 0.68 ms the difference in 
the stream range values is about 30%. After this time the values are 
still around 30% (at time t = 1.6 ms). Thus it can be stated, that this 
indicator is characterized by limited value changes with the time after 
injection. But also, for all the performed tests, the stream cone angle 
value spread decreases, resulting in a steady values after about 1 ms 
(range of angle between streams less than 10 degrees).

4.3. Average fuel spray rate evaluation 

Due to the described discrepancies in the individual stream spray 
indicators, their averaged values were determined (Fig. 6). 

Fuel injection using the new injectors indicates a greater stream 
range is obtained by fuel with additives (5% greater range). The op-
erating conditions produce ambiguous results (Figure 6a). The stream 
range for injectors using base diesel fuel increased by 6%, while for 
diesel fuel with additives the range decreased by 11%. As can be seen 
from the above results, there is no clear conclusion, which indicates 
the need for additional fuel stream geometry analyzes to determine 
the fuel atomization differences between the various injectors and the 
use of different fuels.

The mean fuel stream area values analysis indicates the possibility 
of evaluating both the injectors wear degree as well as the fuel type 
used (Figure 6b). This is due to significant changes in the analyzed 
quantities. Larger fuel stream areas are observed for new injectors 
(regardless of the fuel type used). These values are higher by 20% 
(fuel #1) and 60% (fuel #2) compared to used injectors. Larger spray 
values (6%) were achieved with fuel #2 for new injectors. In the case 
of used injectors, the larger stream area was observed for fuel #1 – by 
24%. Inclusion of the stream surface area in the fuel stream geometric 

analysis is a measure that allows the identifi-
cation of the mileage and wear of the injectors 
as well as to determine the differences when 
spraying different types of fuels. 

Analysis of the average stream cone angle 
values indicates the high usefulness of this in-
dicator for evaluating fuel spray of the operat-
ing injectors (Figure 6c). This analysis of the 
average stream cone angle reveals significant 
differences in the evaluation of new and used 
injectors. Operating conditions deteriorate the 
performance of the injectors (sintering and cok-
ing of the injector holes), resulting in a reduced 
stream cone angle. The difference between new 

and used injectors is about 30%. It can be noted that after some time 
(about 0.8 ms from the start of the injection) the values of these dif-
ferences are constant. In the case of tested fuels it is not possible to 
effectively distinguish the difference in fuel spray from new or used 
injectors (the difference in spray angle for used injectors is only about 
5% higher). The results of the fuel stream cone angle analysis by this 
method are convergent (with respect to the trend of changes during 
injection and atomization) with the results obtained in the studies of 
the mixture of n-pentanol and diesel oil by Ma et al. [7].

5. Selection of test conditions for the assessment of fuel 
spray indicators

Using the average fuel spray indicator values obtained, the co-
efficient of variation (as the standard deviation of the mean value) 
was determined for each fuel injection time. Because the value of the 
standard deviation itself depends on the mean value, this means that 
as the stream range increases, this value will also increase, an indica-
tor that is independent of the mean has been selected. Thus it became 
possible to determine the time after which indicator value only in-
creases. In combustion engine studies, it is assumed that the value of 
the coefficient of variation compared to the average indicated pressure 
should not exceed 3.5%–5% [6, 17] or the value of 10% [4]. Due to 
the much lower repeatability of the stream cone angle measurement 
results, it is assumed that in such tests it can reach values of up to 40% 
[3]. Taking these assumptions into account, an analysis is presented, 
including the determination of the minimum coefficient of variation 
value. It has been shown that there is a time after which the value of 
a given fuel geometry indicator only increases (Figure 7). With these 
assumptions, it is assumed that the minimum fuel spray analysis time, 
after which it is possible to determine the difference in the fuel at-
omization method, is 0.6 ms from the start of the injection. Only after 
such a time, changes in the range of the stream, the stream surface 
area and the stream cone angle are visible. Adopting a higher time 
value makes it valid, but the best form of evaluation consists of the 

knowledge of the whole fuel spray pattern. 

6. Conclusions

Conducting research on the fuel streams ge-
ometry requires the use of optical tests in which 
it is important to consider several different pa-
rameters. Determining the geometric indicators 
of the fuel stream requires the use of procedures 
that determine the parameters of each stream 
separately and then averaging the results. It is 
necessary to analyze each stream individually, 
because choosing one stream for analysis does 
not allow for a full fuel spray and atomization 
analysis. Because of the large variation between 

Fig. 6. Evaluation of average fuel spray indicators with limit values and value ranges: a) stream range – S, 
b) stream surface area – A, c) stream cone angle – alpha

Fig. 7. Choice of analysis time for fuel spray coefficients based on the coefficient of variation: a) stream 
range – CoV (S), b) stream surface area – CoV (A), c) stream cone angle – CoV (alpha)

b)a) c)

a) b) c)
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the different atomizer holes, the atomized fuel parameter values can 
vary greatly for each fuel stream.

In order to determine the effect of the fuel type used for the same 
injectors, it is necessary to determine the surface area occupied by 
the fuel stream as well as the stream cone angle. Due to the close 
similarity of the physical characteristics of the tested fuels, the range 
of the fuel stream does not indicate any changes that would allow to 
differentiate the fuel used based on the observed values.

Evaluation of the injectors wear level requires knowledge of the 
fuel stream surface area and the stream cone angle. In this case, the 
cone angle of the injected fuel stream is a significant indicator of the 
stream geometry, whose changes can be observed as a result of the 
operation and wear of the injector.

Detailed conclusions on the fuel stream geometric indicators were 
formulated in relation to the mean values obtained from the analysis 
of each stream:

in terms of stream range:1) 
the similarity in the physical characteristics of the ana-a) 
lyzed fuels causes the differences in stream range from 
the new injectors to be small reaching about 5% in favor 
of the additive-rich fuel,
during the analysis of the used injectors, different results b) 
were obtained: fuel injection using base diesel fuel in-
creased the stream range by 6%, while using diesel fuel 
with additives led to a range decrease of 11%,
the fuel injection characteristics and operational changes c) 
of the injectors cannot be evaluated or tested using the 
values of fuel stream range.

in terms of fuel stream surface area:2) 
new injectors (regardless of the fuel used) have a much a) 
larger stream area than the used injectors; which had a 
mileage of 80,000 km, the area has decreased both during 
base diesel fuel injection (20%) and during the additive-
rich fuel injection (60%), 

when fuel is injected using the new injectors, the stream b) 
area is slightly larger for fuel with additives (by 6%); it is 
significantly smaller for base diesel fuel (by 24%) when 
using the already worn out injectors,
the analysis of the mean stream area values indicates the c) 
applicability of this indicator, both to the assessment of 
the injectors wear and mileage and to identify the injec-
tion of different fuels (even with similar physical charac-
teristics); this is due to significant changes in the values of 
analyzed parameters,

in terms of fuel stream cone angle:3) 
the difference between new and used injectors is about a) 
30%,
in the case of the tested fuels, it is not possible to deter-b) 
mine the difference of fuel spray from new or used injec-
tors (the difference in stream cone angle for used injectors 
reaches only up to 5%), 
the analysis of the results indicates the usefulness of this c) 
indicator for assessing the fuel atomization for the analy-
sis of both new and used injectors.

The results of the conducted research indicate very high possibil-
ity of evaluating the degree of wear of the injectors. However, full 
analysis of the impact of different fuels on their geometric indica-
tors should be complemented with combustion studies. Such stud-
ies, which are the next planned stage in the authors research, on the 
recognition of the various fuels injection effects, should be used to 
supplement the knowledge on the possibility of evaluating different 
fuel types, in the aspect of their effect on the operation of injectors, in 
compression-ignition engines.
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