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Spray behavior is regarded as one of the main factors influencing engine performances, fuel consumption
and emissions for diesel engines. Under high injection pressure, diesel spray behaviors are extremely
sensitive to the nozzle internal geometries, especially the geometric structures of orifice entrance. Based
on the synchrotron radiation X-ray tomography technique, the 3D digital models of nozzle tips can be
constructed. A new automatic method is presented to reveal the inlet structures according to these nozzle
orifice models. The planes passing through the orifice axis are determined and used to cut the models, and
then the corresponding cutting images are applied to measure the inlet chamfer radii around the orifice
axis automatically. The orifices of a single-hole nozzle and an eight-hole nozzle are measured according to
this method. The results show that this method can automatically measure the orifice inlet chamfer radii
around the orifice axis with high precision. The obtained inlet chamfer radius shows the whole profile
of the orifice entrance, which is a precise feedback for nozzle designing and manufacturing, and it also

provides precise geometrical boundary conditions for the study of spray behaviors.
OCIS codes: 120.0120, 120.4290, 110.0110, 110.7440.
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In modern diesel engines, the performance, efficiency,
and pollutant emissions, are highly dependent on the
quality of fuel sprays!™?. Therefore, diesel engines
employ high injection pressures to achieve optimized
breakup and atomization of liquid fuel sprays. Under
such high injection pressures, the fuel flow inside the noz-
zle is extremely sensitive to its internal geometries, espe-
cially the orifice entrance geometric structures®—6. A
sharp inlet corner can lead to flow recirculation and local
cavitation, which under certain conditions can change the
behaviors of the spray largely!":8l. In order to improve the
performance of diesel injection nozzles, the nozzle orifices
are processed by hydro-grinding process after manufac-
tured by electrical discharge machining (EDM)[). How-
ever, these processes are performed without closed-loop
feedback controls, so the diameter, length, etc. of the
manufactured orifices are hard to match the nominal di-
mensions closely. For the orifice entrances, there are even
no nominal dimension requirements, as it is almost un-
available without destroying the nozzle until recent years.
The lack of such entrance information hindered the re-
searchers to compare and analyze the spray behaviors
performed on different facilities.

In order to reveal the exact shape of the orifice en-
trance, a number of works have been done globally!l,
Traditionally the evaluation of the orifice entrance is
based on the circle fitting of its inlet chamfer curve on
a particular plane. This plane should pass through the
axes of the nozzle and the testing orifice simultaneously.
It is probably originated from the previously used de-
structive method of cutting the nozzle from the middle.
Then the orifice inlet chamfer radius can be observed and
measured directly on this cutting plane. In recent years
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the nondestructive methods are broadly applied to mea-
sure the inlet chamfer radius, including the micro probing
test method!*2! | silicone modeling method(*3!, and syn-
chrotron radiation X-ray imaging methods!'*'%. How-
ever, on one hand these methods have their own prob-
lems. For example, the studies of probing method are
still in the proof-of-concept stage. The shrinkage of sil-
icone models during solidifying will cause unpredictable
problems while measuring the inlet chamfer radius. The
overlap of different orifices caused by the line-in-sight
features of X-ray limits the usage of the synchrotron-
based phase-contrast X-ray imaging approach on multi-
hole nozzles. And the spatial resolution of industrial radi-
ology and computed tomography (CT) still need further
development. On the other hand, the orifice entrance
is a three dimensional (3D) structure in reality, and the
fuel flow inside the orifice is impacted by its whole inter-
nal structures. However, the current methods can only
provide two inlet chamfer radii from one cutting plane
for reference: the top and bottom chamfer radii. Some
studies have confirmed that using the average inlet cham-
fer radius of single-hole nozzles based on several cutting
planes can provide a better prediction of spray macro
scope behaviors!'6=18], So only using the top and bottom
chamfer radii to study the impacts of inlet structures on
the fuel inner flow and spray atomization may lead to
inaccurate or wrong results.

In this letter, a new method is presented to acquire pre-
cise structures of nozzle orifice entrance automatically.
Based on the 3D digital models of nozzle tips, the orifice
inlet chamfer radii around its axis are obtained. This
geometrical information provides a precise feedback for
nozzle designing and manufacturing, and can also provide
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precise geometrical boundary conditions for the study of
spray behaviors, and the modeling of fuel inner flow and
primary atomization.

In order to construct the 3D digital models of nozzle
tips, the synchrotron radiation X-ray was applied. It
had excellent performance compared to the normal light
source, including high intensity and high stability. In
this study, the internal structures of diesel nozzle tips
were constructed on the X-ray Imaging and Biomedi-
cal Applications Beam Line of the Shanghai Synchrotron
Radiation Facility'®). The experiment setup is sketched
in Fig. 1(a). The diesel nozzle was held on the spec-
imen rotating platform, and then X-ray penetrated its
tip and irradiated on the scintillator crystal to convert
the X-ray to visible light. A CCD camera was used to
record the visible light. The pixel size of the camera
was 7.4x7.4 (um) corresponding to an actual spatial res-
olution of 3.7x3.7 (um) with a 2x objective lens. The
exposure time of a single frame was set to 8 s, and the
photon energy of X-ray was tuned to 50 keV. Absorption
images were taken every 0.25° with the nozzle rotating
180°, then totally 720 absorption images were captured
during the CT scanning process.

During the reconstruction process, these absorption im-
ages are used to generate slices. However, the original
slices might bare the defect of low signal to noise ratio.
So they are converted to binary images and correspond-
ing orifice images. By stacking these slices together, the
digital models of orifices are reconstructed. The orifice
digital models of an eight-hole nozzle and a single-hole
nozzle are displayed in Fig. 1(b). Through these digi-
tal models, the internal structures of nozzles can be ob-
served directly and clearly, but the measurement of such
geometrical dimensions is not easy. As the 3D digital
models obtained from the synchrotron X-ray CT are just
numerical arrays stored in computers, the value at each
point only represents whether it is inside or outside the
orifice. So based on such a set of numbers, the acquisition
of orifice geometrical dimensions needs further process-
ing.
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Fig. 1. (a) Procedure of recording the internal structures of
nozzle tip by synchrotron radiation X-ray; (b) typical orifice
3D digital models of multi-hole (left) and single-hole (right)

nozzle.

In order to evaluate orifice entrances, the planes across
the orifice axis are all determined and applied to “cut”
the orifices models from the middle. These planes are
called “base planes” in this study. According to the cut-
ting images between these base planes and the nozzle
digital models, the curve of the entrance area can be
exposed to calculate the best fitting circles. Based on
this idea, the determination of all base planes and the
acquistion of the optimized fitting circles are two key
steps for the orifice inlet evaluation, and they will be
discussed in more detail in the following sections.

According to the basic principle of conic sections
when a plane intersects with a cone, the cutting image
would be a circle or an ellipse. The results only depend
on whether this plane is perpendicular to the orifice axis
or not. If so, the outcome image should finally be a
circle, as shown in Fig. 2(a). This theory has laid a
foundation for the determination of orifice axis. By se-
lecting an arbitrary plane to intersect an orifice model,
if the obtained cutting image is a circle, then the cur-
rent plane is certainly perpendicular to the orifice axis.
Otherwise, the cutting image of this plane should be an
ellipse. According to the basic principles of geometry,
the short axis of this ellipse should intersect with the
orifice axis and perpendicular to it. Therefore, rotating
this plane around the short axis is a reasonable method
to find a specific angle to make this plane perpendicular
to the orifice axis.

If the cutting image of a plane is an ellipse, its short
axis will be fitted firstly according to the method of least
square in this study. Then the original plane will rotate
around this short axis with small angle steps. The cut-
ting images at every angle are obtained and processed.
So the determination of orifice axis has transformed to
finding circles in these cutting images. Normally round-
ness is used for finding circles. The traditional methods
usually compare fitting circles of the image (such as cir-
cumscribed or inscribed circles) with the nominal circle of
the testing item, and then calculate roundness judgment
parameters'?1 =23/, But in this study, no nominal circles
can be provided to calculate the roundness parameter
as the original plane is arbitrarily selected. However,
according to the geometry principles, when the cutting
plane is perpendicular to the orifice axis, the area of the
current cutting image would be the minimum. So while
rotating the cutting plane, the areas of each cutting im-
ages will be counted simultaneously. The corresponding
value with minimum area on the abscissa should be the
angle that the original arbitrary plane needs to rotate
around the short axis, as shown in Fig. 2(b). After ro-
tating, this plane should be perpendicular to the orifice
axis. Meanwhile, the cutting image between this plane
and the orifice model should be a circle, and the orifice
axis should pass through the center of the circle. By
fitting a straight line through the centers of the circles
determined at different orifice positions, the orifice axis
can be determined.

With the orifice axis being identified, the planes per-
pendicular to this axis can be rotated 90° around any
diameter of the circle and become a base plane. Fig-
ure 2(c) shows a base plane of a single-hole nozzle. It is
obvious that the obtained base plane has passed through
the orifice axis. The corresponding cutting image is
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Fig. 2. (a) The sketch of cutting images between planes and
cone; (b) the intersection image areas distribution of different
rotating angles; (¢) a base plane across a single-hole nozzle
and (d) its corresponding cutting image.

displayed in Fig. 2(d), in which the square area with red
line border is the concerning orifice entrance area. The
curves there show the exact shape of the inlet, so in order
to get a whole profile of the orifice entrance, the obtained
base plane will rotate 180° around the orifice axis to cut
the digital model by a tiny angle step, as demonstrated
in Fig. 2(c). While the base plane is rotating, the cut-
ting images at every angle will be stored for further pro-
cessing.

Normally if the nozzle orifice inlet chamfer is gentler,
the corresponding fitting circle will be larger. So the ra-
dius of this circle is usually used to evaluate the orifice
inlet chamfer. However, currently there is no standard
method for this inlet chamfer circle fitting. Traditionally
this process is performed manually with the defects of
low stability and high random errors. So in this study
an automatic method was presented to calculate the in-
let chamfer radius with higher accurate. This automatic
circle fitting method is based on the Hough transform
method?!. The basic algorithm of this method is simple
where a set of circles with different centers and radii are
generated to “cover” the input curve. Then a series of
circles which have covered at least one pixel of the inlet
curve will be provided as outputs.

Figure 3(a) shows one cutting image between a base
plane and the orifice model. In order to fit the circles,
the area in the square with red dashed line border was
extracted out and its edge was detected to find fitting
circles by the Hough transform method, as shown in Fig.
3(b). Three fitting circles with top three covered pixel
numbers of the inlet curve are displayed, and they are
marked with C1, C2, and C3. Obviously C3 gives a
wrong fitting of the inlet curve. The covered pixels are
located on the orifice wall area near the entrance. How-
ever, this kind of wrong fitting circles usually covers only
a few pixels, as shown in Fig. 3(f). The covered pixels

are much less than the circles fitting on the right loca-
tion. So it is easy to get rid of these circles through the
numbers of covered pixels. Circles C'1 and C2 have fitted
just the inlet area of this curve, but the radius of C2 is
larger than C'1. From Fig. 3(b) it can be found that C'1
can match the inlet curve better than C'2. The optimized
result is amplified and displayed in Fig. 3(c).

Theoretically the circle covers the most pixel number
should be chosen as the most fitting circle of the testing
curve. However, in this study, under quite a few situa-
tions this principle has been found not suitable for the
determination of the most fitting circle. The circle which
covers the most pixels sometime is somewhat too large
for the inlet curve. For example, from Figs. 3(d) and
(e), it is obvious that the pixels covered by C; are most
located in the bending area of the inlet, and these pixels
are close to each other. Meanwhile, C2 has a bigger ra-
dius, and the pixels covered by C2 are a litter more than
those covered by C'l. But these pixels are distributed
almost on orifice wall and orifice sac areas. They are
separated into quite a few parts and far from each other.
So it is hard to automatically determine the most fitting
circle only based on the covered pixel number.

In order to overcome this limitation, a new algorithm
was presented to determine the most fitting circle of inlet
curves in this study. This algorithm takes into account
the total covered pixel number (Pyym,) and the arc length
in pixel (La) of the testing circle from the start pixel
(Pstart) to the end pixel (Peng), as demonstrated in Eq.
(1) and Fig. 3(e).

Pnum
—_— 1
k x Larc7 ( )

where N is the optimized pixel number. The circles with
the largest N will be selected as the most fitting circle. k
is the correction factor, which can be set to appropriate
value to obtain the optimized results. In this study it is
set to 1, so according to Eq. (1), if the covered pixels are
connected to each other, N will be equal to P,ym, other-
wise N will be smaller than P,u,. Then according to this
algorithm, the corresponding software was programed to
automatically determine the most fitting circles. Figure
3(c) shows one optimized fitting result, from which it
can be found that the result is quite reasonable for the

N = Puum X

pixels covered pixels covered pixels covered

by C1 by C2 by C3

Fig. 3. The sketch of inlet chamfer radius calculation process
(a) the cutting image; (b) the fitting circles of the testing
orifice inlet chamfer curve; (c¢) the optimized fitting circle of
the testing curve; (d)—(f) the overlapped pixels of the fitting
circles and the testing curve.
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testing curve.

As for each base plane, the corresponding cutting im-
age contains two curves of the inlet chamfer, as shown
in Fig. 3(a). These two curves are treated separately
in this study. Then based on all these cutting images
obtained by rotating the base plane, the whole profile of
the inlet area can be established.

Two orifices are tested in this study. One orifice be-
longs to a single-hole nozzle and the other belongs to an
eight-hole nozzle. The nominal outlet diameter of these
two orifices is 160 pum, and after manufactured by EDM,
they are both processed by hydro-grinding.

In order to improve the flow rate, the orifice axes of the
single-hole nozzles are normally designed to be the same
with the nozzle axes. So theoretically the inlet chamfer
radius around the orifice axis should be the same in the
single-hole nozzles. Figure 4 shows the orifice inlet cham-
fer radius result, in which the black line represents the
radii around the orifice axis, and the red dashed line rep-
resents the average radius of this orifice, which is about
42.2 pm. Although the maximum radius is as large as
61.4 pm and the minimum radius is just 28.9 um, it can
still be found that the chamfer radii around the orifice
axis are basically close to the average radius. These radii
fluctuate only with a range of several micrometers. On
the one hand, this fluctuation is a real reflection of the
orifice inlet shape to a certain degree, as the processing
cannot be absolutely uniform around the orifice axis. On
the other hand, as the obtained cutting images are digital
images, the discretization of digital pixels may cause a
space oscillation, as the increase or decrease of one single
pixel will cause a length variation of 3.7 pm. So this will
certainly lead to a fluctuation in radius when performing
circle fitting process. Nevertheless, it can be found that
the amplitudes of radius fluctuation are almost around
several micrometers, which means that the fluctuation
in pixel is quite low, only one or two pixels. So if the
spatial resolution is higher, the results should be much
smoother.

From Fig. 4, it can also be found that the radii at the
left side are basically smaller than the average radius,
and the results at the right side are the other way round.
This asymmetry is mainly caused by the offset between
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Fig. 4. The inlet chamfer radii distribution around the orifice
axis of a single-hole nozzle orifice.
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Fig. 5. (a) The sketch of one orifice extracted from an eight-
hole nozzle digital model; (b) the inlet chamfer radii distribu-
tion around the orifice axis of an eight-hole nozzle orifice.

the orifice axis and the nozzle axis, as the cutting image
shows in Fig. 2(d). This kind of defect is quite common
when processing single-hole nozzles. It has caused con-
siderable difficulties when studying the impacts of the
nozzle internal structures on spray behaviors.

For multi-hole nozzles, the orifices are processed sep-
arately. The inlet, outlet, and average diameters of the
eight-hole nozzle are listed in Table 1. It can be found
that the hole to hole dispersion is quite low. So one
orifice is selected for analysis, and it was extracted from
the whole digital model, as demonstrated in Fig. 5(a), to
measure the inlet chamfer radii. Figure 5(b) shows the
results, in which the red dashed line also represents the
average radius of this orifice, and its magnitude is around
33.8 um. Obviously the inlet chamfer radius asymmetry
of this orifice is more notable, and its radius amplitudes
fluctuation is higher than that of the single-hole nozzles.
The maximum chamfer radius is about 64 pum, located
at the bottom side. Meanwhile, the minimum chamfer
radius is as small as 10 um, located at the top side. This
is because the orifices in multi-hole nozzles are drilled on
the side wall of the nozzle sac without absolutely mutual
perpendicular, and additionally the nozzle sac is a hemi-
spherical shape processed in the nozzle tip. Thus the
top side of the orifice inlet forms a sharp angle, and the
bottom side forms an obtuse angle. The huge difference
between them will affect the fuel flow inside the orifice
significantly.

According to the measurement results, it can be found
that the geometric structures of the orifice entrance are
very complicated. Therefore, the traditional top and bot-
tom chamfer radius measured in one plane which across
the axes of the nozzle and the orifice cannot reflect the
whole inlet entrance geometric structures. The whole
orifice inlet chamfer radii measured in this study can
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Table 1. The Inlet, Outlet, and Average Diameters of Each Orifice of the Eight-hole Nozzle

Diameters (um) Ori. 1 Ori. 2 Ori. 3 Ori.4 Ori. 5 Ori. 6 Ori. 7 Ori. 8
Inlet 169.5 168.0 167.7 169.9 170.0 168.6 170.1 167.5
Outlet 159.5 154.4 159.4 158.8 156.3 158.7 158.9 158.6
Average 165.0 164.3 165.3 166.3 167.0 165.1 165.5 164.2
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