Measurement Science and Technology

PAPER « OPEN ACCESS You may also like
. . . . - Spinodal de-wetting of light liguids on
A measuring system for monitoring multi-nozzle e
. uan anegas, Davi eterson, Taras
Spray|ng tools Lakoba et al.

- Empirical modelling of wetting patterns in a
controlled drip irrigation system for sandy
loam soils
FA Rizqi, Murtiningrum and Ngadisih

To cite this article: Florian Schulz et al 2021 Meas. Sci. Technol. 32 055902

- Mortality among military participants at the
1957 PLUMBBOB nuclear weapons test
Vi h icl line f d d enh series and from leukemia among
lew the article online for updates and enhancements. articipants at the SMOKY test
Glyn G Caldwell, Matthew M Zack,
Michael T Mumma et al.

This content was downloaded from IP address 141.44.170.14 on 05/08/2022 at 08:59


https://doi.org/10.1088/1361-6501/abe082
/article/10.1088/1361-648X/ac4f7e
/article/10.1088/1361-648X/ac4f7e
/article/10.1088/1755-1315/365/1/012016
/article/10.1088/1755-1315/365/1/012016
/article/10.1088/1755-1315/365/1/012016
/article/10.1088/0952-4746/36/3/474
/article/10.1088/0952-4746/36/3/474
/article/10.1088/0952-4746/36/3/474
/article/10.1088/0952-4746/36/3/474

OPEN ACCESS

10P Publishing Measurement Science and Technology

Meas. Sci. Technol. 32 (2021) 055902 (11pp) https://doi.org/10.1088/1361-6501/abe082

A measuring system for monitoring
multi-nozzle spraying tools

Florian Schulz' ©, Franziska Reincke'!, Matthias Mrochen? and Frank Beyrau'

! Lehrstuhl fiir Technische Thermodynamik, Otto-von-Guericke-Universitit Magdeburg, Magdeburg,
Germany
2 Fimro GmbH, Langenstein, Germany

E-mail: florian.schulz@ovgu.de

Received 27 August 2020, revised 19 January 2021
Accepted for publication 27 January 2021
Published 12 March 2021

CrossMark

Abstract

Spray tools with multi-nozzle-arrays are used in a wide variety of applications. Monitoring the
functionality of complex spraying tools with a large number of individual nozzles is a great
challenge. For this purpose, we have developed a measurement technique based on the wetting
pattern, which forms on a surface during spray impingement. To investigate the performance of
this measurement technique we applied a spraying tool with nine external mixing air-water
nozzles, the geometric alignment of which can be freely adjusted. In the first test series, the
precision of the evaluation of the nozzle alignment is determined. The second test series focuses
on the individual sizes of the wetted areas. Here the reproducibility, the influences of the
operating modes and the nozzle type were evaluated. Subsequently, the functionality is tested in
an exemplary test case in which two of nine nozzles were readjusted in a defined manner.
Finally, the wetting pattern resulting from injecting a full spray is discussed and the necessary
image processing steps are provided. In summary, this measuring system allows efficient, fast
and cost-effective control and documentation of the alignment and functionality of spraying
tools, thereby avoiding production downtime and related costs.

Keywords: spray characterization, spraying tool monitoring, wetting pattern, frosted pane

(Some figures may appear in colour only in the online journal)

1. Introduction must be functional and correctly aligned (Miller and Butler
Ellis 2000).
In industrial processes, there are a variety of applications Under the harsh conditions prevailing in the casting

for spraying tools that are equipped with a large number of industry, individual nozzles of a spraying tool can become
nozzles. A small sample with only nine nozzles is shown dirty, clogged or change their geometric alignment. This
in figure 1. In foundry technology, such multi-nozzle spray- will lead to inhomogeneous cooling, incomplete cleaning or
ing tools are used for cooling, cleaning or wetting of cast- incomplete wetting of the release agent. As a result, reject
ing molds with a release agent. It is necessary that a spray-  products are produced (Dannigkeit et al 2012) and production
ing tool is adapted exactly to the geometry of a casting mold.  downtimes occur due to the maintenance work then required.
To achieve the necessary flexibility in spraying tool design, In such a case, a technician checks and adjusts the spraying
the geometric alignment of the individual nozzles is usu- tool visually, which is very time-consuming, error-prone and
ally freely adjustable. To fulfill its task perfectly, all nozzles often needs more than one iteration.
One possibility to avoid the high costs of failing spraying
tools is to regularly maintain and readjust the nozzles, but this
o _ demands an applicable method to document the spray prop-
Qo e Wi k1 e it 0 % eries. In this case, i ot necessary 1o measure quaniat
further distribution of this work must maintain attribution to the author(s) and 1€ values like droplet sizes or mass fluxes. Rather, it must
the title of the work, journal citation and DOI. be determined whether spray properties such as the geometric
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Figure 1. Multi-nozzle spraying tool.

alignment or the mass flow have changed. This can be done,
for example, by comparing a current control recording with an
original master recording.

At present, a multitude of measurement methods exist
for the determination of specific spray properties, such as
droplet velocity and diameter, spray beam width and penet-
ration depth, spray density distribution or local mass flux
distribution.

Phase Doppler anemometry (PDA) measurements are gen-
erally used to record droplet sizes and droplet velocities at a
defined measuring position (Yokoi and Aizu 2009, Heldmann
et al 2013). However, by systematically scanning a plane it is
also possible to determine the spatial distribution of the spray.
A prerequisite for the method is the optical accessibility of
the measuring volume (von Deschwanden 2017, Rahim and
Dorairaju 2018). If the path of the laser beams or the path of the
resulting measurement signal is strongly influenced by inter-
fering droplets, a measurement is not possible. For this reason,
and because it would take a very long time to scan an entire
nozzle field, it is not practical to use the PDA technique for the
described measurement task.

The recording of shadow images or Mie-scattering images
of the propagation of a spray is one of the standard methods to
determine, for example, the width or the penetration of a spray
(Kim et al 2018, Ainsalo ef al 2019). This is very effective for
individual spray jets or single nozzles. With nozzle-arrays with
a large number of nozzles that are partly behind each other, it
is difficult to evaluate results with this technique (Zelenak et al
2015, Lujaji et al 2016).

By using laser light sheets, regions within a spray, which
are not accessible by means of shadowgraphs, can also be
made optically accessible (Baetz ef al 2005, Zhang et al 2012).
A perpendicular cut through the spray jets can be used to
determine spray positioning and in some cases to investigate
the relative spray density. Since the laser-light is attenuated
more and more as it travels through the spray this technique
reaches its limits with large nozzle-arrays (Serras-Pereira ef al
2015, Liu et al 2019a). Disadvantages of this technique are
the high costs for the laser and the high sensitivity of the laser
technology and optics to dirty environments. However, similar

to the PDA technology, the increased safety requirements for
the use of lasers always have to be observed when operating
such systems, which makes the practical use in foundries very
difficult.

Another classical device for the characterization of sprays
is a spray patternator, which can be used to determine the local
mass flux (Dullenkopf er al 1998). For large nozzle arrays,
equally large patternator surfaces with a large number of col-
lection openings and with an automated readout of the collec-
ted water masses would be necessary. The challenges of such
a system are the required high local resolution and the possib-
ility of cleaning the patternator (Aisa et al 2002).

There is an earlier method that comes very close to the one
presented here, the patternation of sprays with slides (Lefebvre
and McDonell 2017). For the application, a solid surface—
often glass—is covered with a rather loose coating. Here soot
coatings from burned kerosene or magnesium were used (May
1950, Elkotb et al 1978). Thus, the impact of liquid on the
surface leaves footprints. These traces can be so fine that it
is even possible to determine the size of individual droplet
impacts with the help of a microscope and thus draw conclu-
sions about the droplet sizes. Disadvantages for the use for the
described application are the difficult application with con-
tinuous sprays, the time-consuming preparation of individu-
ally coated surfaces and the lack of temporal resolution.

So far, no measuring method is specialized in the simultan-
eous acquisition of the geometric orientation of a large number
of spray jets. In this paper a method for the characterization of
the spray of nozzle-arrays is presented. It is based on the idea
of the so-called refractive-index-matching (RIM) method. The
RIM method uses the light scattering of the roughness of a sur-
face to visualize the deposition of a transparent liquid on the
surface (Shedd and Newell 1998, Fansler and Parrish 2015,
Henkel et al 2016, Liu et al 2019b). For the setup, a frosted
pane is positioned in front of the spraying tool. Then a short,
simultaneous injection of all nozzles of the spray tool takes
place. The spray jets impinge on the glass pane and wet it. Sim-
ultaneously, a camera detects the resulting pattern. This allows
a comparison to be made between the current control record-
ing and an original master recording made during commis-
sioning (e.g. the beginning of the spray tool’s life cycle) when
the spray tool was functioning correctly. Deviations between
the recordings indicate changes in the spraying tool and allow
problems to be eliminated quickly. This measurement tech-
nique enables cost-effective and time-efficient testing of the
alignment and functionality of the individual nozzles of spray-
ing tools in order to avoid production downtime.

2. Material and methods

2.1 Setup and spraying tool

The basic configuration of the measuring system is shown in
figure 2. The main component of the measuring system is a
frosted glass pane in front of the spraying tool. The nozzles
face the roughened side of the pane. For the fundamental
research, a 3 x 3 nozzle-array was chosen to represent the
general behavior of a spraying tool as it is used in the casting
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Figure 2. Scheme of the experimental setup, large nozzles in green
and small nozzles in red.
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Figure 3. Operating principle of the external mixing air-water
nozzles and photographs of two nozzles with different hole
diameters; small and large nozzles with a diameter of 0.6 mm and
1 mm, respectively.
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industry. The applied type of nozzle is an external mixing
air-water nozzle (SD1 nozzles with part numbers 135.970 and
135.913 from Wollin GmbH), in which the atomization takes
place by blowing in compressed air. The spraying tool has con-
nections for air and water as well as the electrical wiring for
the magnetic valves, which control the air and water inlet. To
control the magnetic valves and thus open the air and water
supply a triggering device, sending 5 V-TTL signals, is used.

Before an injection process, the air pressure and water pres-
sure are only present up to the magnetic valves. By opening
the valves, the pressure in the system rises rapidly. With the
applied spraying tool, it is not possible to control each nozzle
independently but it is possible to address the three rows (each
with three nozzles) separately. By opening the magnetic valve
for the control air of a row, the nozzle internal valves will
open. These nozzle internal valves are responsible for open-
ing the water flow. Due to the pneumatic characteristic of the
internal valve, critical air pressure must first be reached before
the valve opens. Figure 3 displays the operating principle of
the nozzles.

Depending on the application, different kinds of nozzles
can be installed simultaneously in real spraying tools. To sim-
ulate this, six nozzles with a large hole cross-section and three
with a small hole cross-section are used. In figure 2, the nozzle
arrangement is illustrated by the size and color of the points
in the circles and photographs are shown in figure 3. To end
the injection process, the magnetic valve for the control air is
closed and the air pressure in the system is reduced via a drain
valve until it falls below the critical pressure. Subsequently,
the nozzle internal valves will close the water flow.

If the magnetic valve for the atomizing air supply stays
closed, only a thin water jet will exit the nozzles. In this paper,

L Y

Figure 4. Mie-scattering image (negative image); top: injection of a
straight water jet without the atomizing gas switched on and bottom:
the resulting spray plume with atomizing air switched on.

such an injection is referred to as straight water injection. A
spray will only be generated if the valve for the atomizing air
supply is opened during the water injection. This is referred to
as a spray injection. Example images of the generated spray as
well as the straight water jet are given in figure 4. In the invest-
igated example of the spraying tool for the casting industry,
this property can be used for a deeper characterization of the
spraying tool. For example, if only water jets are injected, the
alignment of the nozzles and the functionality of the water-
bearing system can be checked. If, in addition, a spray is gener-
ated, the measurement results also provide information about
the functionality of the air-bearing system.

By using a compressor with an air reservoir, it is possible to
preset the air pressure and to ensure that it remains constant.
Similar to this, the water pressure is preset and kept constant
with the help of an expansion vessel, while the gas side of the
vessel is filled with nitrogen.

The basic settings are 5 bar for the air pressure and 4 bar for
the water pressure while the air and water temperature are at
equilibrium with the ambient temperature of 22 °C. The dis-
tance between the nozzle-array and the frosted pane is 11 cm.
This distance is a compromise and was found in a preliminary
investigation. From a metrological point of view, the smal-
lest possible distance should be preferred. However, due to
the geometric conditions of real nozzle arrays, these cannot
be positioned arbitrarily to the glass pane.

In a standard sequence, the magnetic valve for the water
supply opens first. Followed by the magnetic valves for the
control air with an actuation duration of 150 ms. If the atom-
izing air is switched on, it is always applied simultaneously
with the control air.

2.2. Measurement technique

During an injection process, the spray will impinge on the
pane and produce an individual wetting pattern. This pat-
tern is visualized by a camera, which is arranged frontally
to the glass pane. To avoid negative effects of changing the
camera alignment, the test setup was not changed during the
experiments. A correction of changes in the camera orienta-
tion can be done via recording a calibration image (such as
squared paper) and then to perform an image scaling and cor-
rection (Pan er al 2009). The camera used is a commercially
low cost, Basler Ace acA1300-200um camera in combina-
tion with a wide-angle lens (Pentax-Rico C815B lens) with
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Figure 5. Series of raw images.

a fixed focal length of 8.5 mm. The resolution of the camera
with 1280 x 1024 pixel results in a spatial image resolution
of 0.2 mm/pixel. With the applied exposure time of 1 ms, no
motion blur could be noticed. To achieve meaningful images
with the necessary contrast, two LED Panels are used as light
sources, while 50 Hz fluctuations were minimized using asso-
ciated electronics. For later image evaluation, a homogeneous
brightness distribution on the glass pane is of great importance.
An example of an illuminated pane and an evolving wetting
pattern is shown in figure 5.

2.3. Image processing

The method presented is based on the acquisition of wetting
patterns. To be able to evaluate the positions and sizes of the
individual wetted areas, it is necessary to prepare the record-
ings in a way that they can be evaluated. For this purpose, the
algorithm used contains the following steps that are processed
in sequence: reading the image data, filtering noise, normal-
ization, binarization, closing holes, opening and determining
the centers and sizes of the coherent wetted areas. Figure 6
shows an example of the illumination intensity distribution of
an unwetted frosted pane (background), a raw image and the
results of different processing steps.

2.3.1. Low-pass fiter and normalization. ~ Normalization is
the fundamental step of the present image processing. Due
to normalization, independence from illumination intensity
and illumination inhomogeneity is achieved, such as uneven
illumination or dirt on the pane. Therefore, normalization
increases the robustness of the further evaluation against chan-
ging lighting (Serra 1982, Liu et al 2019c). For this processing
step the intensity distribution of the illumination with the lights
turned on is captured by recording the dry frosted pane before

background

raw image, noise filiered

Figure 6. Visualization of the effects of image processing steps.

injection. In figure 6 this is referred to as background image.
Subsequently, all images of the wetting process are divided by
this background image. In regions without any spray impact,
the resulting normalized image then should show an intensity
value of one; in areas brighter than the initial image, values are
greater than one and in darker areas, values are less than one.

Unfortunately, the images are afflicted with noise, which
is originated in thermal noise and the read-out noise of
the CMOS-Sensor, among others. Since the division (back-
ground/wetting image) in the normalization process is based
on single pixels, the noise leads to the fact that even in areas
where no wetting occurs values unequal to one will occur.
This hinders the process of wetting pattern recognition. There-
fore, a low pass filter is applied before normalization in order
to reduce the existing noise. At the same time, the filtering
should blur the boundaries of the wetting areas as little as pos-
sible. Therefore, the choice of the filter algorithm is depend-
ent on noise and spatial resolution. With these requirements,
a Gaussian filter with a rotationally symmetric kernel with a
small diameter of three pixels and a standard deviation of 0.8
is applied. This relatively mild filtering—focusing on pixel-to-
pixel noise and preserving the object edges—has proven to be
sufficient for the present setup. Additionally, the use of a small
kernel minimizes processing costs. In case of intense noise,
the standard deviation of the Gaussian filter can be increased
or more sophisticated denoising algorithms might be applied



Meas. Sci. Technol. 32 (2021) 055902

F Schulz et a/

(Beygi et al 2012, Mafi et al 2019). Regardless of this, the
remaining noise is later removed by an erosion process.

During commissioning, care should be taken to ensure that
the illumination on the frosted pane is as homogeneous as pos-
sible and that the intensity is in a range between 50% and 70%
of sensor saturation. The relatively high illumination intensity
increases the signal-to-noise ratio. At the same time, this range
of intensity prevents that reflections—that occur on the surface
during the injection process—are leading to oversaturation of
the sensor.

2.3.2. Binarization.  During binarization, the images are
transformed into binary images with the help of a threshold
value (Steinmiiller 2008). Due to the former normalization,
in the present case two threshold values are necessary: one
threshold value above and one below one. Unfortunately,
there are effects, which cause the unwetted regions to slightly
change their brightness during the recording and wetting pro-
cess. These are mainly reflections from the spray jets or shad-
ows from the spray jets, which occur during the injection.
Therefore, the threshold values must be selected with some
distance to one. As a result, areas with values close to one
are set to zero and areas where a significant intensity change
occurs are set to one.

In general, the threshold values must be carefully selected
when the measuring system is commissioned for the first time.
Since two threshold values are required, the standard meth-
ods for determining an optimal threshold value, such as Otsu’s
method (Lazzaro and Ianniello 2018), cannot be used. Here,
the threshold values of 0.9 and 1.2 are used for binarization.
Due to the previously performed normalization, the threshold
values represent a ratio of the change of light intensity of a
10% decrease and 20% increase, respectively. In our exper-
ience, this procedure is relatively robust against changes in
the experimental setup or the illumination intensity. Likewise,
these values should lead to good results in comparable experi-
mental setups. In very unfavorable conditions it may be neces-
sary to use more complex binarization methods, such as local
thresholds (ImochaSingh er al 2012).

2.3.3. Filling holes.  There are regions in the wetted areas
which have values close to one. Thus, these areas are classified
as dry due to the binarization and they appear as holes inside
a wetted region. Therefore, the holes are closed by a flood-fill
operation using Matlab ‘imfill’ function (Khudeev 2005). The
result of binarization and filling holes is shown in the fourth
picture in figure 6. For similar setups, the robustness against
intensity irregularities can be increased by the closing of open-
ings at the outer circumferences of the wetting regions. This
operation must be performed before the filling operation and
consists of a successive dilation and erosion with the same
structural element (Paredes-Orta et al 2019).

2.3.4. Opening.  The binarized image (figure 6) contains
many small splashes. To extract the main impingement areas,
the splashes can be removed with an opening function. For
the opening operation, erosion and dilation are performed
successively using the same structural element (Kumar and

Shunmugam 2006, Steinmiiller 2008). With erosion, all
detected wetted surfaces whose geometric dimensions are
smaller than those of the eroding structural element are elim-
inated, this contains remaining noise. Therefore, the structural
element must be at least as big as the diameter of the biggest
splash, whereby ‘diameter’ refers to the smallest geometric
expansion within the splash area. In the present experiments
the splashes did not exceed 4.5 mm. Due to our spatial resolu-
tion of 0.2 mm/pixel a circular structural element with a radius
of 12 pixels (2.4 mm) was applied in the present evaluation.
Since the erosion leads to a reduction in the sizes of the main
impingement areas, the previously subtracted pixels are added
again by a dilation process afterward. The two operations
are performed in Matlab using the ‘imerode’ and ‘imdilate’
commands.

2.3.5. Determination of the position of the centers and the size
of the areas. The spray jets of the different nozzles of a
nozzle-array do not hit the glass pane at the same time, as
shown in figure 5. Therefore, within a series of images, it must
be examined at which time step all jets impinged on the glass
pane. The algorithm detects the existing wetted areas in each
image of a series. The last image after which no further wetted
area is added is used for the evaluation.

The size of the areas is simply determined by counting the
number of pixels and multiplying them with the area they rep-
resent. The resolution of the recorded images might influence
the determined area size. In the present case with a pixel area
of 0.04 mm? and a size of the wetted area bigger than 200 mm?,
a single pixel adds less than 0.02% to the overall area.

The center of a wetted surface is determined as the centroid
of the detected area, which means that the influence of
an individual pixel on the overall position of the center is
weighted with its distance from the center. The horizontal cen-
ter (x-direction) and the vertical center (y-direction) are listed
separately. Considering the accuracy, the maximum possible
inaccuracy for e.g. a single horizontal line of pixels is half the
width of a pixel. However, since the value for e.g. the hori-
zontal center is not only determined from a single horizontal
line but over the entire height of the wetted area, the accuracy
here is much higher and the error tends towards zero due to
an assumed normal distribution of the singe line center devi-
ations. Therefore, the resolution has no significant effect on
the resulting center positions in the present application.

In the simplest case, the Matlab-function ‘regionprops’
with the selections ‘centroid’ and ‘area’ finds both properties
from the processed images (Nazlibilek er al 2014). Since the
wetted area becomes larger and larger with increasing injec-
tion time, the area calculation is carried out for the entire injec-
tion duration. Figure 7 shows an example of the evaluation of
the centers of the examined image series, while the circle cen-
ters are identical with the centers of the wetted areas.

3. Results and discussion

In the series of experiments, two main properties of the wetting
pattern are investigated, one being the centers of the wetted
areas and the other being the size of the wetted areas. As



Meas. Sci. Technol. 32 (2021) 055902

F Schulz et a/

0
40 ;
(34:47) (106:48) (181:50)
€ i £
£ (2831 (10891) (1801) £
2 120 pe
B G @ s
- (32136) (1’1@‘38) arwgize |
160
200
40 80 120 160 200
a. x-axis [mm] b.

0
40
(14:41)
(107:49)
80 (191562)
12435:89) (105:91) . (179:92)
120 : g
(33:137) (107:138) (177:136)
160
200 ‘ ; e
40 80 120 160 200
x-axis [mmy]

Figure 7. (a) Determination of the centers of the wetted areas for the injection of a straight water jet; (b) determination of the centers of the

wetted areas of spray jets.

discussed in the previous section, the area centers and area
sizes can be determined in a single image with very high
accuracy. Now it is crucial to find out how much these val-
ues vary from injection to injection. Only, if the measure-
ment results are reproducible, the new method can be used to
detect malfunctions. The smaller the deviations from injection
to injection are, the fewer repetitions are necessary to detect
possible malfunctions. Therefore, we determine the associated
standard deviations.

The area centers and area sizes can be evaluated for the
injection of a straight water jet as well as for the injection of
a full spray. The extracted parameters allow conclusions to be
drawn about changes in nozzle orientation and flow rate. The
results are discussed in the following. First of all, the preci-
sion of the center point determination of the individually wet-
ted surfaces during the injection of a straight water jet as well
as the injection of a spray are determined. Subsequently, the
results of a controlled test case are presented. Here it is shown
how precisely a geometric displacement of individual nozzles
can be determined. In the third test-series of the investigation,
the precision of the determination of the size of the wetted
areas is analyzed.

3.1. Determination of the centers of the wetted areas

The centers of the wetting areas were always determined
directly when all jets have reached the pane surface. This is
about 40 ms after the beginning of the wetting of the frosted
pane. The measurement is carried out for the injection of a
straight water jet and as well for the spray injection includ-
ing the atomizing air, while the air pressure is set to 5 bar
and the water pressure to 4 bar. In the case of atomization,
the atomizing air valve is opened at the same time as the con-
trol air valve.This timing is chosen because there is no effect
on the impact of the spray jets when the atomizing air valve
is previously opened. The recording of the injection process is
repeated ten times for both cases, followed by the image pro-
cessing and the determination of the center points.

The resulting positions of the center points are displayed
in figure 7. The positions of the centers are shown using a

Cartesian coordinate system with the origin of the coordinates
in the upper left-hand corner. The abscissa and the ordinate run
from 0 to 203 mm. The wetting patterns in the background are
the first images in which all jets have wetted the pane.

The mean values of the calculated positions of the center
points for the straight water injection are given in table 1.
Besides, the associated standard deviations resulting from
repeating the tests ten times under constant conditions are
given. The maximum deviation is 0.33 mm in x-direction and
0.35 mm in y-direction. The minimum deviations are 0.12 mm
and 0.14 mm. There are no significant differences between
large and small nozzles, nor are there any trends. Accordingly,
the positions of the centers do hardly scatter from injection to
injection when injecting pure water.

Considering a normal distribution of the measured values, a
single measurement occurs with a high probability of 95.45%
within a range of twice the standard deviation o around the
mean value. Transferring this to the present study, it can be
assumed that there is a nozzle misalignment or problems in
the water-bearing system, if the change in center-position for
a single injection is larger than 0.7 mm (this corresponds to
2-0max)- Based on our experience, this determination of the
center point is very sensitive, many times more sensitive than
the visual adjustment by a technician. If even smaller changes
are relevant, repeated injections must be made and an average
value must be calculated.

The results of the center determination for the spray injec-
tion with the associated standard deviations are shown in
table 2. Again, this involves ten repetitions. It can be seen that
the standard deviations are larger in comparison to the straight
water injection. Especially the nozzle of the second column
in the third row and the nozzles of the first column show lar-
ger standard deviations. The deviations from the centers vary
between 0.37-2.18 mm in x-direction and 0.30-2.23 mm in
y-direction.

Since no changes have been made to the system and all
parameters have been kept constant, the positions of the cen-
ter points of the spray injection can be compared directly
with those of the straight water injection. Table 3 shows the
differences between the average center positions in x- and
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Table 1. Mean values of center points and standard deviations for straight water injection; in brackets: x- and y-positions in relation to the
central wetted area (in second column and second row).

Column Row Nozzle holes x-axis (mm) o, (mm) y-axis (mm) oy (mm)
1 1 Large 34.3 (—73.5) 0.21 46.6 (—44) 0.31
2 Small 27.9 (—79.9) 0.17 90.4 (—0.2) 0.25
3 Large 32.5(=75.3) 0.33 135.9 (+45.3) 0.35
2 1 Large 106.6 (+1.2) 0.22 47.7 (—42.9) 0.22
2 Large 107.8 (0) 0.24 90.6 (0) 0.26
3 Small 110.5 (+2.7) 0.31 137.6 (+47) 0.23
3 1 Small 180.7 (+72.9) 0.23 50.2 (—40.4) 0.22
2 Large 180.2 (+72.4) 0.12 90.9 (4+0.3) 0.20
3 Large 178.1 (+70.3) 0.20 136.5 (+45.9) 0.14

Table 2. Mean values of center points and standard deviations for spray injection; in brackets: x- and y-positions in relation to the central
wetting area (in second column and second row).

Column Row Nozzle holes x-axis (mm) oy (mm) y-axis (mm) oy (mm)
1 1 Large 18.7 (—87.8) 0.96 44.3 (—44.9) 2.09
2 Small 34.2 (—72.3) 0.84 90.8 (+1.6) 1.38
3 Large 30.5 (—76) 1.17 139.0 (+49.8) 2.23
2 1 Large 105.1 (—1.4) 1.00 48.0 (—41.2) 1.14
2 Large 106.5 (0) 0.60 89.2 (0) 0.99
3 Small 99.8 (—6.7) 1.39 140.5 (+51.3) 0.93
3 1 Small 186.4 (+79.9) 0.91 66.3 (—22.9) 1.12
2 Large 174.8 (+68.3) 0.37 92.9 (+3.7) 1.29
3 Large 179.3 (+72.8) 1.09 127.1 (4+37.9) 1.56

Table 3. Comparison of the average positions of the center points

significant. For the detection of smaller changes in center pos-
for straight water and spray injection.

ition, repeat tests must be carried out.

Column Row Nozzle hole Ax (mm) Ay (mm) It can be concluded that combining the results of straight
water injection and spray injection will allow additional ana-
1 1 Large —15.6 —2.3 lysis. If a similar change in the center position of a wetting
2 Small +6.3 +0.4 area occurs with straight water injection and spray injection,
3 Large —-2.0 +3.1 o . - .o
it is too likely that this is due to a nozzle misalignment. On
2 1 Large —-1.5 +0.3 . . "
) Large 13 14 the other hand, if a relevant change in the center position
3 Small 107 129 of the wetting area only occurs in one operation mode, the
3 1 Small 457 +2.0 fault is probably in the water-bearing system or the air-bearing
2 Large —54 +2.0 system, respectively.
3 Large +1.2 —94

o . S 3.2. Controlled test case
y-direction. Here, the center points of water injection are

assumed as the original position. The differences are partic-
ularly large in x-direction. The nozzle of the first column and
first row and for the nozzle of the second column and third row
has the largest distance with 15.6 mm and 10.7 mm.

The other distances are between +0.3 mm and 6.3 mm.
Reasons for the deviations are the much larger wetting areas,
due to atomization process. In particular, it is the air supply that
causes a strong change in the direction of the water jet. Large
deviations between spray and water jet lead to the assumption
that the airflow through the air-bearing holes is not uniform
and thus causes the spray to drift.

It can be summarized that the center points of the spray
injection allow a statement about a nozzle alignment and the
condition of the air bearing channels. Considering a single
injection position changes from 4.5 mm (2-0 1,y in table 2) are

To test the measuring method, the alignment of two nozzles
was manipulated. The alignment of the nozzle of the second
column and the first row was moved slightly to the lower left
and the alignment of the nozzle of the third column and second
row was moved to the upper left.

Metal pins were attached to the nozzles to document the
adjustment of the nozzles. Then photos were taken from the
side and from above, before and after the adjustment. Figure 8
shows an exemplary picture where the before and after pictures
are superimposed. With these photos, the adjustment angles
and thus the theoretically resulting changes of the centers of
the wetted areas can be determined. The measured adjustment
angles, as well as the resulting theoretical changes in position
of the centers in x- and y-direction, are documented for both
nozzles in table 4.
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Table 4. Changes in the position of the center points for the two adjusted nozzles; left: theoretical values for angles and position shifts
based on photos and right: resulting position shifts based on the evaluation of the wetted areas.

Nozzle
column row a (x) a(y) x-shift (mm) y-shift (mm) x-shift (mm) y-shift (mm)
Theoretical values Measurement
2 1 14.4° 4.2° —28.2 +8.1 —254 +5.7
3 2 5.8° 14.1° —11.1 —-27.6 —12.6 —26.1

Figure 8. Side view of the top two lines of the nozzle-array to
indicate the change in nozzle orientation. For this purpose, pins
were locked to the nozzles with the changed orientation. The before
and after images are superimposed.
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Figure 9. Comparison of center positions of wetted areas before
and after a modification in the alignment of the nozzles for straight
water injection.

An image of the wetted area resulting from the nozzle
adjustment is shown in figure 9. In the picture, the positions of
the centers are marked by circles, blue circles for the original
positions and red circles for the new positions. The resulting
changes in the position of the two adjusted nozzles can be eas-
ily traced. Based on such a picture alone, a technician could
draw conclusions about the correct alignment of the nozzles.
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Figure 10. Progression of the wetted area as mean values of six
nozzles with large holes and three nozzles with small holes on ten
repetitions with straight water injection, while standard deviation is
marked with dotted lines.
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Figure 11. Injected mass over water pressure for an injection
duration of 150 ms.

Before and after the adjustment the centers of the wet-
ted areas were determined with the help of the evaluation
algorithm. The difference in x- and y-direction are again shown
in table 4 on the right-hand side.

The first nozzle (second column and first row) changes its
orientation by 25.4 mm to the left and 5.7 mm downwards.
In contrast, the second nozzle (third column and second row)
changes its orientation by 12.6 mm to the left and 26.1 mm
upwards. The nozzles which have not been changed show
changes of a maximum of 0.7 mm to the original position.
Thus, the changes in the alignment of the two nozzles are
detectable.

It is now interesting to compare this with the theoretic-
ally determined values. For the first nozzle (second column
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Figure 12. Progression of the wetted areas with ten repetitions including the average value and the twofold standard deviation; (a) small

nozzle (column 2, row 3); (b) large nozzle (column 1, row 3).

and first row), it can be seen that the theoretically determ-
ined values differ from the values determined by the algorithm
for the center point by 2.8 mm in the x-direction and by
2.4 mm in the y-direction. For the second nozzle (third column
and second row), the difference in the x- and y-direction is
only 1.5 mm. The differences can have various causes. For
example, the optical determination of the angles by the pic-
tures is accompanied by an uncertainty. Since only one photo
was taken at a time and thus only one determination was made,
random errors are not determined. In summary, it can be said
that changes in alignment are easily detectable. However, it
is difficult to draw precise conclusions about the adjustment
angles, since determining the true adjustment angle is subject
to errors.

3.3. Determination of the size of the wetted areas

In practical application, it would be of great advantage to be
able to see whether the flow rate of a single nozzle changes dur-
ing the operation of a spraying tool in a harsh foundry envir-
onment. To draw conclusions about the change in flow rate,
the size of the wetted area can be used as a parameter. The
determination of the wetted areas of the individual nozzles is
carried out under the same conditions as the determination of
the centers. Figure 10 shows the mean area progression over
time for straight water injection. The mean value of the six
large nozzles and the four small nozzles is plotted, including
the corresponding standard deviations.

As binarized images are used for the evaluation, it must be
taken into account that very small areas are initially removed
by erosion. Thus, the areas are only recognized as wetted
areas when a certain size is exceeded. This leads to a steep
increase in the areas at the beginning. The following vari-
ations up to 30 ms can be explained by the different behavior
of individual nozzles. For example, some induce a larger area
faster than others do, due to the individual opening processes
of the nozzles.

It can be seen that large nozzles produce a larger wetted sur-
face. This is because the larger nozzles provide a larger mass
flow rate, which allows the higher mass to take up a larger wet-
ted area. In the diagram, the group of large nozzles has a big-
ger standard deviation (dotted lines), compared to the group
of small nozzles. In the later course of the process after about
30 ms, an almost linear increase in the area occurs with both
nozzle types.

In addition to the area measurements, we also measured the
amount of water injected. Therefore, the injected water was
collected in a reserve and balanced on a high precision bal-
ance. To collect a reasonable amount of water at each meas-
urement point ten injections were performed. As an additional
parameter the water pressure was varied between 3 and 6 bar.
Considering an injection duration of 150 ms. Figure 11 shows
that with increasing water pressure the injected mass increases
as well. It is also clear that less water escapes from the small
nozzles than from the large ones. If the injected quantity is
related to a time period of 150 ms, the mass flow at 4 bar is
4.3 g s~ ! for the small nozzles and 5.6 g s ! for the large ones.

Since we know that the large nozzles produce a larger mass
flow, it can be accepted that the differences in the size of the
wetted area are due to differences in mass flow. Following the
line of thought, for example, a partial clogging of the nozzle
hole would lead to a reduction of the mass flow and a further
reduction of the wetting surface can be expected. Besides, we
have carried out preliminary studies in which we have system-
atically investigated the influence of water pressure. As expec-
ted, increased water pressure leads to larger wetting areas.

To derive information on individual nozzles figure 12
shows examples of the variance of the progression of the wet-
ted areas. From a statistical point of view, the twofold stand-
ard deviation for a large number of tests will include 95% of
all measured values. In the linear range for times greater than
30 ms, the twofold standard deviation adopts values between
6% and 10% relative to the average value. From this, it can be
concluded that for a single test injection it is only possible to
detect a disturbance within a nozzle if the wetted area during
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Figure 13. Comparison of spray impingement for the controlled test
case with the realignment of two nozzles for the injection of a spray
including boundaries found by pattern recognition algorithm; for the
possibility of comparison, the previously determined positions of the
centers of the straight water injection are also entered with circles.

the test measurement deviates more than 10% from a previ-
ously determined average value. If smaller deviations are to
be detected, multiple injections must be made to determine an
average value.

Based on the results, it is shown that with straight water
injection, the size of the wetted surface of a nozzle can be
measured and determined for each time step. If during a
regular single shot control measurement of a spraying tool it
turns out that the size of a wetted area changes by more than
10%, this will most likely be due to changes in the water-
bearing system or the nozzle hole itself. The belonging nozzle
can then be specifically maintained or replaced.

Finally, figure 13 displays the difficulties of the area
determination injecting a spray using a complete nozzle array.
The image is taken from the controlled test case with the
realignment of two nozzles. Already after a short time, the
wetted areas of the individual nozzles run into each other and
form larger connected regions. These regions can be found by
applying a pattern recognition algorithm.

With this result, it is not possible to draw conclusions
about each nozzle automatically, but qualitative information
is given to the user. Based on such an image a technician
could draw conclusions about the correct function of the air-
bearing system of the spraying tool, but further progress in
post-processing is necessary, to automatically evaluate such
an image.

4. Conclusions

In many industrial applications, there is a need for a measur-
ing technique to control and document the correct function of
multi-nozzle spraying tools. This measuring technique should
be inexpensive, fast, reproducible and robust against harsh
industrial conditions. It is not essential to determine quantitat-
ive measurement values such as droplet sizes, speeds or mass

flows. Rather, it is only necessary to determine whether the
spraying tool behaves in the same way as at the time of com-
missioning (i.e. beginning of the tool life cycle when the spray
tool was fully functional). We have developed such a measur-
ing technique and examined its properties in more detail. For
this purpose, a characteristic wetting pattern is generated by
injecting on a frosted pane. If there are changes in the wet-
ting pattern between the master image and the control image,
this can be attributed to changes in the spraying tool. The test
object in this study was a spraying tool with nine external
mixing air-water nozzles, the geometric alignment of which
is freely adjustable.

It was found that the functioning of the water-bearing sys-
tem and the geometric alignment of the nozzles can be determ-
ined very precisely using the straight water injection. In the
present setup, the maximum standard deviation of the center
positions of the evaluated wetted areas was determined to be
0.35 mm. Therefore, a change in position or problems in the
water-carrying system can already be inferred if the determ-
ined change in the center position of a single test injection is
less than 1 mm.

With the help of a test case, in which the alignment of two
nozzles was changed in a defined way, this could be confirmed.
At the same time, changes in mass flow are detectable via a
change in the size of the wetted areas.

The function of the air-guiding system which serves to
atomize the water jet was tested by injecting full spray jets
with the atomizing air switched on. On the one hand, changes
in the center points of the wetted areas can be used to detect a
partial disturbance of the air-bearing system of the individual
spraying nozzles. On the other hand, the measurement results
allow us to draw conclusions from the qualitative pattern of
the wetted area. However, this analysis still requires a techni-
cian to interpret the wetting pattern. Future investigations will
concentrate on developing the post-processing with the object-
ive of extracting even more information from the images and
further automating the image evaluation.
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