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An investigation of the fuel injector dedicated to the aircraft opposed-piston
two-stroke diesel engine

The paper presents the research results of the injector construction with the modified injection nozzle. The injector is designed for a
prototype opposed-piston aircraft diesel engine. The measurements were based on the Mie scattering technique. The conditions of the
experiment corresponded to maximum loads similar to those occurring at the start. The measuring point was selected in line with the
analysis of engine operating conditions: combustion chamber pressure at the moment of fuel delivery (6 MPa) and fuel pressure in the
injection rail (140 MPa). The analysis focused on the average spray range and distribution, taking into account the differences between
holes in the nozzle. As a result of the conducted research, the fuel spray range was defined with the determined parameters of injection.
The fuel spray ranges inside the constant volume chamber at specific injection pressures and in the chamber were examined, and the

obtained results were used to verify and optimize the combustion process in the designed opposed-piston two-stroke engine.
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1. Introduction

The correct process of fuel spraying in the combustion
chamber is extremely important because the engine
achieves optimal operating parameters and minimizes the
emission of toxic substances. Injection equipment has
a significant role in the formation of an air-fuel mixture and
influences the fuel flow rate from nozzles, the range of the
fuel flow front and the way of distribution of fuel droplets
in the combustion chamber [1]. Registration of images
inside the combustion engine cylinder meets with a number
of difficulties, mainly related to high temperature and pres-
sure, limited access to the cylinder and very high dynamics
of recorded phenomena [7]. However, optical techniques
are becoming more and more popular, as evidenced by
studies using fixed volume chambers in universities and
R&D centres in China [5], Spain [5, 9] or simulation stud-
ies conducted in centres in Korea and the USA [6] or in
Germany and Slovenia [10].

The research engine was a newly designed internal Die-
sel engine. The unit is characterized by three cylinders with
three pairs of opposed-pistons. The engine will generate
a power output equal to 100 kW at a crankshaft rotation
speed of 3800-4000 rpm, with a capacity of about 1.6 I,
with a Diesel cycle. The engine will be equipped with
a direct Diesel injection system [3]. It was assumed initially
that the chamber to test fuel spray in the engine injection
analysis should maintain nitrogen or air pressure at the level
of Ppow = 5-8 MPa. Due to the examination of the spraying
process only, without combustion, high temperatures will
not be reached. The diameter of these chambers is in the
range of 70-220 mm, their height is 33-120 mm, and opti-
cal access is from 2-6 sides of the chamber. The studies
carried out at the Poznan University of Technology [7, 13,
14] used windows made of 30 mm thick quartz glass in-
stead, which enabled the researchers to set the compression
pressure at the level of 10 MPa and to record the penetra-
tion of the spray with a camera.

In the test engine injection chamber, there is no need to
install a piston inside the chamber, but it is necessary to
install an injector, pressure and temperature sensors and

a gas supply valve in order to maintain a given pressure
during the tests. Three windows will provide optical access
for sufficient observation of the spray distribution. Due to
the diameter of the test engine cylinder of 65-70 mm, the
chamber parameters of ® = 100 and H = 120 can ensure
convenient testing capabilities to obtain a volume of nearly
1 dm’. Figures 1—4 below present a graphical documenta-
tion of constant volume chambers used in selected studies.

Fig. 1. View of the constant volume chamber — Poznan University
of Technology: 1 — injector, 2 — injector housing, 3 — air pressure sensor,
4 — electromagnetic air valve outflow, 5 — lighting, 6 — quartz glass [13]

Fig. 2. Constant volume chamber at RWTH Aachen, Germany [8]
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Fig. 3. A research stand for the optical tests of fuel injection and spraying
process — Poznan University of Technology [13]

Fig. 4. Constant volume test chamber — Technical University of Valencia [11]

2. Research scope

In order to do the analysis of optical tests of the fuel in-
jection process, a series of measurements of the spray range
in a constant volume chamber at the injection pressure of
140 MPa and in the chamber (counter pressure) of 6 MPa
was carried out. The aim of the research was to determine
the range of the fuel spray at specific parameters of its in-
jection. The studies were to enable the evaluation of the
range of fuel spray inside the constant volume chamber at
a specific injection pressure and in the chamber. The condi-
tions of the experiment corresponded to the maximum loads
similar to those occurring at the start. The measuring point
was selected on the basis of the analysis of engine operating
conditions: combustion chamber pressure (6 MPa) at the

moment of fuel delivery and fuel pressure in the injection
rail (140 MPa).

The investigations of fuel jet penetration were carried
out in a constant volume chamber with the following pa-
rameters: maximum working pressure of 15 MPa, optical
access in the shape of a circle with a diameter of 160 mm,
volume of about 5.5 dm’. A piezoelectric Kistler sensor
(0-25 MPa) measured the pressure in the chamber, while
a piezoresistive Kistler sensor (0-200 MPa) measured the
fuel pressure. To generate fuel pressure, a Common Rail
system with a pressure control of 0-200 MPa was used. The
chamber was equipped with two MI12x1.5 or M14x1.5
connections sealed on a 60 deg cone. In order to carry out
the tests, a dedicated injector mounting was made to the
chamber.

The Photron FAST-CAM SAIl.1 UltraHigh-Speed Vi-
deo System used in this research is applied in ballistics,
material research, the defence and aerospace industries,
fluid dynamics and PIV. It uses a modern CMOS sensor to
achieve sensitivity and speeds that were previously unavail-
able. Its maximum speed exceeds 600,000 fps, its global
shutter operates regardless of the selected refresh rate, and
its dead time between successive stages is less than a mi-
crosecond. Figure 5 shows the camera. The tests were per-
formed at 5400 fps and 1024 x 1024 resolution, which
ensured optimal results.

Fig. 5. Photron FASTCAM SALl.1 — a camera view [12]

The evolution of the range of the fuel spray in the high-
pressure chamber was measured. The research included the
measurements with a high speed camera based on the Mie
scattering technique with global lighting (7 repetitions for
a specific measurement point).

The preparation of the test stand and measurements for
a single measurement point included:

a) designing and making assembly elements of the re-
searched injector.

b) measuring (7 repetitions) the injection at a frequency
of min. 10 000 Hz for a given injection pressure (fuel pres-
sure) and counter pressure (chamber pressure).

¢) graphic processing the collected images - determina-
tion of the relationship between the spray range and time.

The Bosch Injector No. 0 445 110 135 was used for the
optical testing of the fuel injection process. This injector is
shorter than typical electromagnetic injectors. The holes in
the nozzles were electro-drilled, and their edges were
rounded. There are two holes with a diameter of ® = 0.14
mm, placed on the circumference every 180° (Fig. 6).
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Fig. 6. Location of the spray holes

In order to determine the precise geometry of the inside
of the nozzle and verify the correctness of hole welding,
a tip scanning was carried out with the SkyScan 1173 device.
It is a high-energy (130 kV) micro-scanner dedicated to large
objects and capable of spiral scanning allowing for a 2D/3D
image analysis and a realistic visualization of the internal
structure with a spatial accuracy of at least 7 um [2].

Figure 7 shows the scanner capabilities on the example
of the injector. Figure 8 shows the scanned tips of the noz-
zle used in the engine, while Figure 9 shows the scanning
effects.

Fig. 7. Sample scanning [2]
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Fig. 8. Scanning of the spray tip

Fig. 9. Results of the scanning of the spray tip with its welded holes
— scanning accuracy 10 pm

3. Test results and analysis

Figures 10 and 11 show the measurement results for
seven repetitions, separately for the left and right nozzle
holes. The total registration time was 10 ms, but the most
important is the period from O to 2 ms, because such injec-
tion time will occur in the designed engine, for which the
injector is dedicated. The diameter of the combustion
chamber is 65-70 mm. The injector is placed perpendicu-
larly to the cylinder axis, so that the range of the spray does
not exceed the dimensions of the cylinder. Obtained after
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Fig. 10. Fuel spray ranges at the measurement point: injection pressure
140 MPa, in the chamber 6 MPa, left hole
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2 ms range of 60 mm is correct, because during this time
the spray does not reach the wall of the opposed-piston
engine. The achieved spray ranges within 2 ms are repeata-
ble, and overlapping. Initially, the shape of the curve is
similar to a parabola, then, after 4 ms, it is flattened almost
to a straight line. This is due to the fact that as the distance
from the atomizer increases, the kinetic energy of the
stream decreases. The effect of counter pressure is also
visible. Figure 12 shows the average range of the spray at
the measuring point for both nozzle holes. The mean ranges
from left and right holes do not differ significantly from
each other. The combustion chamber is symmetrical, so the
same propagation of the spray was expected.
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Fig. 11. Fuel spray ranges at the measurement point: injection pressure
140 MPa, in the chamber 6 MPa, right hole

Table 2 shows the images recorded at the selected peri-
od of time, showing the average range of individual sprays
at the indicated measuring points. The research was carried
out at a single measurement point for which 7 repetitions
were made. The ranges from the left and right spray tip hole
were analysed separately. The sizes of the ranges for the
left and right sprays tips are significantly similar. A further
development of the spray pattern results in a different size
of the spray ranges because of partial evaporation of indi-
vidual sprays and a change in fuel concentration at the
liquid-air border [13].
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Fig. 12. Average fuel spray ranges at the measurement point: injection
pressure 140 MPa, in the chamber 6 MPa

Table 2. Range of the spray at the measuring point

Measuring point (140/6 MPa)

Number
of droplets

Length
[mm]

0,5 ms 1,0 ms

2,0 ms

-10

-20

-30

-40

-50

- 60

3,0 ms 4,0 ms

5,0 ms

-10
-20 200
-30
a0 100
-50
- 60
.70

- 80

-90
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Conclusions

The research was dedicated to the spray range in the
constant volume chamber with a high speed camera. The
analysis of the injection process enabled us to determine the
nature of fuel spraying as well as the length and speed of
the spray.

As a result of the study, the range of fuel spray was de-
termined at constant injection parameters. The fuel spray
penetration ranges inside the constant volume chamber at

specific injection pressures and in the chamber were exam-
ined. The obtained results will be used to verify and opti-
mize the combustion process in the research engine.
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