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Abstract
Multi-nozzle spraying tools are applied in numerous industrial applications, one of the most
common being die-casting. To ensure the quality of a cast product and to avoid production
downtimes proper functioning is required, e.g. in terms of spray targeting, mass flow, or
reproducibility. To enable regular functional controls of a spraying tool, we have developed a
specific measuring principle based on monitoring the spray impact on a heated plate using
infrared thermography. In this paper, the performance of the developed measuring principle is
examined. The study is performed with a typical spraying tool from foundries, it has nine
external mixing air–water nozzles, which are freely adjustable in their orientation. During an
injection, the spray impacts a heated plate positioned in front of the spraying tool and creates a
wetting pattern that is individual to each spraying tool, like a fingerprint. The recorded cooling
pattern can be used to determine the position of the individual spray impact areas, the size of the
spray impact areas, and the intensity of the cooling. Based on these parameters, conclusions can
be drawn about the functionality of the water-bearing lines and the air-bearing lines—as well as
the correct alignment of the individual nozzles. The result shows that the presented measuring
principle leads to very high precision and reproducibility of the evaluated parameters. Thus, the
developed measuring system enables detailed functional tests of complex spraying tools.

Keywords: nozzle testing, spray characterization, wetting pattern, infrared thermography

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

1. Introduction

Spraying tools are used in various branches of industry, one of
which is foundry technology. Here they are used, for example,
to clean and wet casting molds with release agents or to cool
castings. Before its use, a spraying tool has to be adapted
individually to its task and the geometry of the object to be
sprayed. Under the harsh conditions of a foundry, the nozzles
are regularly soiled and even the geometric orientation of
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individual nozzles can unintentionally misalign. Even small
changes from the original state can be enough to prevent the
spraying tool from fulfilling its task properly; for example, a
casting mound is no longer completely wetted with a release
agent. As a consequence, reject products are manufactured,
which in turn results in downtimes for maintenance. In order to
avoid such cost-intensive production losses, the correct func-
tioning of the spraying tools must be guaranteed at all times.

Since there is no appropriate measuring system for this pur-
pose so far, a malfunction is often only discovered when prob-
lems occur. Then the spraying tool is typically checked visu-
ally, cleaned, and realigned by technicians. Unfortunately, the
inner channels and bores cannot be checked and there is no
convenient method to monitor the quality of the spray, as the
multi-nozzle sprays are too complex to be visually investigated
by the eye. Figure 1 gives an example of amodernmulti-nozzle
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Figure 1. Example of a complex multi-nozzle spraying tool.
Reproduced with permission from Wollin GmbH. www.wollin.de/
de/Produkte/formspr%C3%BChen/powerspray-formsprueh
werkzeug.html.

spraying tool with more than 100 nozzles. This example illus-
trates the difficulty of controlling the quality of a large number
of spray jets that occur simultaneously. Ideally, the spray of a
spraying tool would be inspected regularly, before each use.
So that production downtimes are avoided and the spraying
tool can be correctly adjusted if necessary.

Apart from visual inspection, there are only a few meas-
urement techniques available to determine the required spray
properties. A classical method to determine the temporally
resolved penetration and the width of a spray jet is to record
shadowgraphy images (Emberson et al 2016, Schulz and
Beyrau 2017) or Mie-scattering images with high-speed cam-
eras (Montanaro et al 2015, Kim et al 2018). However, the
technique is limited to optically well-accessible spray jets.
Considering multi-nozzle spraying tools only the spray jets at
the edges are optically accessible, so the technique cannot be
used to draw conclusions about jet core or individual nozzles
in the center of multi-nozzle arrangements (Fansler and
Parrish 2015).

A method to improve the optical accessibility of internal
spray structures is the illumination with laser-light sheets
(Zhang et al 2012, Hult and Mayer 2013). If such a light
sheet is arranged perpendicular to the spray jet axis, the pos-
itions of the passing jets can be made visible, and, to a cer-
tain extent, conclusions can be drawn about the local spray
densities (Serras-Pereira et al 2015). It is also possible to use
a laser to excite a fluorescence signal. This can then be used
to determine the liquid and gas distribution (Parrish and Zink
2013, Schulz et al 2016). Requirements regarding laser safety,
the sensitivity to harsh conditions, the inaccessibility of dense
sprays, and the high costs are disadvantages of using the light
sheet techniques.

Droplet sizes and velocities can be determined locally in
a small measuring volume with the aid of phase Doppler
anemometry (Wigley et al 1999, Dafsari et al 2019). Bey-
ond, the local distribution of the liquid mass in the spray
can also be determined if the spray is systematically scanned.
However, this procedure is very time-consuming and in very
dense sprays, the measurement technique reaches its limits
(Mantel 2017, Rahim and Dorairaju 2018). With respect to

practical use in industrial applications for in-situ spray mon-
itoring, the same disadvantages as with the laser-light sheets
technique occur.

A more practical device to measure the spatially resolved
mass flux of a spray is a patternator. However, there are differ-
ent requirements the system has to meet. The size of the pat-
ternator must be equal to or bigger than the size of the spray-
ing tool. One challenge for an adapted system is the required
high spatial resolution, which is associated with a large num-
ber of collection openings and the necessary digital read-out.
Moreover, there must be a way to efficiently clean a large num-
ber of small channels (Nocivelli et al 2017).

Considering practical industrial applications, it is often
not essential to measure defined microscopic spray proper-
ties quantitatively. Rather, it is sufficient to record whether the
spray properties still correspond to a target or reference state.

There is a new measurement method that records the wet-
ting pattern generated by the spraying tool (Schulz et al 2021).
For this purpose, a frosted pane is positioned in front of the
spraying tool and the resulting wetting pattern is recorded by a
camera on the back of the frosted pane. A change in thewetting
pattern indicates a change in the spraying tool and, in the best
case, allows conclusions to be drawn about the cause of the
defect. This technique enables versatile defect detection, but
also has weaknesses. For example, overlapping wetting areas
cannot be kept apart and no conclusions can be drawn about
the intensity of the spray/wall interaction. At the same time,
the frosted pane must be cleaned after each injection and very
good illumination must be ensured.

For a robust, cost-effective, and precise monitoring of
spraying tools, we have developed a new infrared-based
method. Here, the spray impinging on a heated target sur-
face generates a specific cooling pattern that is recorded by
an infrared camera. Spray monitoring is performed by record-
ing a master cooling pattern from a new, well-aligned spraying
tool. In between regular operation, a recorded control pattern
is then compared with the recorded master pattern. Changes in
the spray are detected utilizing deviations between the docu-
mented cooling patterns. The results allow conclusions about
the causes or failures, such as misalignment or clogging of
nozzles.

With the new measuring technique presented here, large
multi-nozzle spraying tools can be inspected quickly and cost-
effectively and the functionality can be documented over its
life cycle. At the same time, the measuring system is robust
against harsh conditions in foundries and is easy to operate.
This enables production downtimes to be avoided and costs to
be reduced.

2. Material and methods

2.1. Measurement technique

The central part of the setup is a heated metal sheet. Figure 2
shows the arrangement of the heated sheet in front of the
spraying tool. For the detection of the cooling pattern—which
forms on the backside of the heated sheet—an ImageIR 8300
infrared camera from InfraTec with 640 × 512 pixels with an
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Figure 2. Schematic of the experimental setup for the
infrared-based detection of cooling patterns on a heated metal sheet.

Figure 3. Left: image from the backside of a frosted glass pane
during impingement of six straight water jets; right: processed
temperature field after the impingement of straight water jets from
the backside of a heated metal sheet.

f = 50 mm lens was used. It operates in the short and medium
wave range and covers a spectrum of 1.5–5.7 µm. The thermal
resolution of the camera is 20 mK in the calibrated range of
20 ◦C–100 ◦C in applied full-framemode. For the entire meas-
urement campaign, a recording frequency of 100 Hz and an
exposure time of 500 µs are used. An example of an infrared
cooling pattern after spray impingement is shown in the right
part of figure 3. For comparison, the image of a wetting pat-
tern formed on a frosted pane is shown here on the left. In the
example shown, the impinging water jets only have a diameter
of less than 1 mm, but the momentum drives the water radially
outward. This forms circular wetting areas, which become lar-
ger with increasing time.

When using sprays at ambient temperature, the sheet must
be heated above ambient temperature to generate cooling pat-
terns on the surface. Here, due to the high flexibility, the sheet
was heated by two hot air guns. But other methods of heat-
ing such as direct electric heating and radiant sources can also
be applied. In the applied setup a homogeneous average sheet
temperature of 52 ◦C was set before the start of injection and
used throughout the measuring campaign.

To achieve the desired average plate temperature, the metal
plate is first heated above the setpoint. Then the hot air guns

are switched off. Now the average plate temperature slowly
decreases and at the same time, the temperature on the plate
surface is homogenized by transverse heat conduction. The
infrared (IR) camera enables continuous recording of themean
surface temperature and triggering when the preset temperat-
ure valuewas reached. So, the injection process is startedwhen
the desired average value of 52 ◦C is reached over the metal
surface.

At this step, the maximum local deviations from the mean
plate temperature are less than 1.5 K. Due to the reproducib-
ility of the spray measurement results, it can be assumed that
the small fluctuations that occur in the temperature distribu-
tion of the plate surface do not have a decisive influence on
the significance of the measurement results.

With the prevailing temperatures and the associated low
radiation intensities, a high emissivity of the surface is desir-
able to obtain meaningful images. Therefore, the metal sheet
was coated with a black graphite coating on the backside. The
coating has an emissivity of 0.9 and a thickness of 30 µm.
Preliminary investigations have shown that for high sensitivity
of the measuring principle a low sheet thickness is preferable
(Schulz et al 2014). At the same time, it is easier to achieve
homogeneous tempering with increasing sheet thickness. The
plate material used was stainless steel (1.4016/ASTM 430).
The finally used sheet thickness of 0.5 mm represents a com-
promise between sensitivity, homogeneity, and mechanical
stability for the test setup.

2.2. Spraying tool

For this investigation, a nozzle array originating from foundry
technology was used. The nozzle array consists of three hori-
zontally arranged supply modules, each of which is equipped
with three nozzles. With the nine nozzles installed, the beha-
vior of a characteristic spraying tool can be represented.

The spraying tool includes central solenoid valves for open-
ing and closing the air and water supply, controlled by 5 V
transistor-transistor-logic (TTL) signals. Before the start of
an injection process, the water pressure and the air pressure
are only present up to the solenoid valves. As the valves are
opened, the pressure in the corresponding supply module rises
to the nozzles.

The supply modules share the water connection and the
connection for the atomizing air. However, each supply mod-
ule has a separate connection for control air. With the help
of the control air, the pneumatic valves inside the nozzles are
opened to allowwater to flow through. The operating principle
of the nozzles is shown in figure 4. The nozzles are external
mixing air–water nozzles, where compressed air atomizes the
emerging water jet.

To allow high flexibility, the spraying tool enables the use
of nozzles of different sizes. To account for the influence of
the nozzle size, the applied tool is equipped with three small
nozzles and six large nozzles. Figure 4 shows images of the
two nozzle types, illustrating the different sizes of the hole
diameters. The positioning of the different nozzles is illus-
trated in figure 2 by the size of the dots in the circles.
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Figure 4. Air–water nozzles with internal pneumatic valve and
nozzle images with hole diameters of 0.6 mm and 1 mm.

Figure 5. Multi-nozzle spraying tool with nine nozzles; top:
injection of a spray with the atomizing-air switched on; bottom:
injection of straight water jets with the atomizing-air switched off.

There is an interesting working characteristic of the
spraying tool, which can be used to determine its correct
functioning. With the atomizing air switched off, it is possible
to only inject a thin water jet. This operating mode will be
referred to as straight water injection. An injection of a full
spray appears when the atomizing air is switched on. Figure 5
shows the first operating mode with straight water injection
and figure 1 shows the second operating mode with spray
injection. A third operating mode allows the sole injection
of air.

The three working modes enable separate testing of differ-
ent tool components and different properties. Here, the func-
tionality of the water-bearing system can be tested with the
straight water injection. Similarly, the functionality of the air-
bearing system can be tested with the sole injection of atom-
izing air. Finally, the overall performance becomes clear with
the spray injection.

In the experiments, it is important to keep the boundary
conditions as constant as possible. For this purpose, the air
pressure is adjusted to 5 bar with the help of a compressor with
air reserve. For the water, an expansion vessel is used, in which

the gas side is filled with nitrogen. Thereby, the water pressure
is kept constant at 4 bar. The temperature of the water and air
are at equilibrium with the constant ambient temperature of
22 ◦C. The distance between the nozzles and the metal plate is
set at 11 cm, which was found to be favorable in a preliminary
investigation. The distance represents an optimum between a
short spray path and the geometric conditions of real spray-
ing tools, which cannot be positioned at an arbitrary distance
from the metal sheet. It is close enough to avoid overlapping
of the spray impact areas but far enough to detect even small
changes in nozzle orientation. The injection durations are con-
trolled by the length of the TTL signals. Depending on the
operatingmode the belonging solenoid valves are triggered for
150 ms.

2.3. Image processing

The image processing aims to get further information from
the cooling patterns. For example, it is intended to charac-
terize individual nozzles of the nozzle array. Important para-
meters to be evaluated are the positions of the impact areas,
the sizes of the individual impact areas, and the intensit-
ies of the spray/wall interaction. For this purpose, an image
post-processing algorithm is developed using Matlab. The
algorithm includes the import of image data, background
subtraction, binarization, determination of the wetted areas,
determination of centers, and determination of cooling effect.

For the purpose of comparability of different measuring
series, it is necessary to set the initial temperature of the metal
plate always to the same value. Homogeneous tempering of
the metal plate to 52 ◦C was achieved by two hot air guns, as
described in the experimental setup. The recording of the ini-
tial temperature profile on the metal plate is referred to as the
background image in the following. An example of the tem-
perature distribution on the metal plate before the injection is
shown in figure 6.

For the evaluation, the temperature changes (∆Tx,y,t) gen-
erated by the injections are extracted from the raw infrared
images of the spray patterns. These describe the decrease in the
temperature of the metal plate. For every time step (t), these
are calculated by subtracting the background image (Tx,y,initial),
which is present right before the start of the injection, from the
current temperature field (Tx,y,t):

∆Tx,y,t = Tx,y,t−Tx,y,initial (1)

while x and y are the pixel positions of the lines and rows of the
temperature field. The image of the temperature differences
resulting from the subtraction is shown in figure 6.

For the determination of the size of the wetting areas and
wetting area positions, the binarization is performed in a final
step based on a previously determined threshold value of 5 K.
The influence of the threshold value on the results is described
in the following section.

2.3.1. Size of the wetted regions. Based on the fields of tem-
perature differences the wetting regions caused by jet impinge-
ment are found by applying a threshold value. The threshold
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Figure 6. Image processing steps from raw images to binarized images, for an example of pure water injection.

Figure 7. The calculated size of the wetting areas as function of the threshold value, each for two large nozzles (L) and two small nozzles
(S); left: pure water injection; right: spray injection.

value here stands for the absolute value of the temperature
reduction from the fields of temperature differences. From the
resulting regions, the size—as a characteristic parameter—can
easily be obtained by counting the number of pixels and apply-
ing the resolution of 0.137 mm2 pixel−1.

To show the influence of the threshold value on the calcu-
lated size of the wetting area, the calculated areas are plot-
ted against the threshold value in figure 7. As an example,
the measurement data of figures 9 and 10 are used. For pure
water injection (left diagram), threshold values from 2 K to
14 K were investigated. Since the maximum cooling is lower
with spray injection, onlymaximum threshold values up to 9 K
were investigated here. For better traceability and clarity, the
diagrams contain results only for four nozzles, two with small
holes (nozzle number 2 and 7) and twowith large holes (nozzle
number 1 and 5).

In general, it can be stated that the threshold values can
range between a possible minimum value and a maximum
value. The minimum value is given by the undetermined tem-
perature change on the sheet surface, which is in the range of
less than 1 K. Undetermined temperature changes can result
from unwanted convection flows and noise. On the other hand
the maximum value is limited by the maximum temperature
drop.

The diagrams show, that the detected wetting area
decreases with increasing threshold values. Nozzles with small
nozzle holes tend to produce smaller wetting areas. At the
same time, the detected wetting areas related to the same
threshold values are larger for spray injection (right) than

for pure water injection (left). In the present measurement
method, the dependence of the calculated wetting area on the
threshold value is actually of secondary importance. Much
more decisive here is the reproducibility of the measurement
results for any threshold value. This is given, as can be shown
in the results section. For the later documentation of results,
the evaluation is limited to the use of a uniform threshold value
of 5 K. This is small enough to detect even small humidifica-
tions but at the same time large enough to exclude the detec-
tion of unwanted cooling effects, such as unknown convection
flows.

2.3.2. Centers of the wetted regions. Two methods are
tested to determine the centers of the wetted areas. In method
A, the centers of geometric gravity of the binarized regions are
determined in a way, that the same number of pixels is above
and below as well as left and right from the center point. With
method B, the position of the strongest cooling is identified.
For this, the fields of temperature differences themselves are
taken to find the position of the lowest temperature within the
previously defined wetted area.

While method B is independent of the threshold value,
method A can theoretically be dependent on the threshold
value. To test this dependence, the calculated center point val-
ues are plotted against the threshold in figure 9. Again, the IR
images of figures 8 and 9 are used as examples. The plots in
figure 10 show the center point values of the individual wet-
ting surfaces determined from the binarized images using the
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Figure 8. The course of the x-values of the center positions of the wetted surfaces as function of the threshold; left: pure water injection;
right: spray injection.

geometric gravity method. For the sake of clarity, only the
x-values are shown here. The threshold values correspond to
the values of the previous figure 7.

It is clear that the center values for both water-only injec-
tion (left) and spray injection (right) are almost independent
of the choice of the threshold value. This is especially true
for the intermediate threshold range. Only for very small and
very large threshold values do small deviations occur. A cer-
tain threshold value independence of the results is generally
advantageous. This is because changes in the absolute tem-
perature reduction in a wetting area would have less effect
on the position determination. For the present measurement
task, however, this is only of secondary importance because
the reproducible determination of the position of a wetting sur-
face is the primary objective.

In the more constant threshold value range from 4 K to
12 K, the maximum threshold value-related change in the
center point value occurs at nozzle 5 for pure water injec-
tion. Here the x-value changes by 0.49 mm and the y-value
by 0.25 mm. With spray injection, the maximum threshold-
related change in the center point value occurs at nozzle 8.
The x-value increases with an increasing threshold value by
1.45 mm and the y-value by 0.49 mm. Regarding the selec-
tion of the threshold value, it can be stated that the threshold
value should not be selected too high, since even small tem-
perature decreases indicate wetting. The selected threshold
value of 5 K is low and at the same time in the range
in which position results are relatively independent of the
threshold value.

3. Results and discussion

To characterize the performance of the measurement method
presented, various tests are carried out below, using the test
spraying tool described. One after the other, the evaluation
parameters, (a) center positions, (b) sizes and (c) temperat-
ure reduction of the wetted areas are determined. The focus is
on the reproducibility and precision of the measurement res-
ults. The three evaluation parameters are measured for each
operating mode: pure water injection, spray injection, and air
injection. The chapter concludes with a summary of how the
measurement results can be used to detect defects in a spraying
tool.

Figure 9. Cooling pattern resulting from straight water injection
with crosses marking the individual center point positions of the
wetted areas.

3.1. Determination of the center points of the wetted areas

The position of the center points of the jet impingement areas
turned out to be a suitable parameter to check the align-
ment of the nozzles. In the following, it is examined to what
extent the center points can be determined reproducibly. The
measurements presented are carried out first with straight
water injection and thereafter with spray injection.

Two different methods, which are explained in the image
processing section, are tested for the determination of the cen-
ter points. In method A, the centers of gravity of the individual
wetting areas are calculated. In method B, the positions of the
maximum temperature drop are determined and used as center
points.

3.2. Center points of straight water injection

For these measurements, the previously defined basic settings
are used and ten repetitions are carried out for each measure-
ment. The coordinate system shown in figure 9 is used to define
the positions of the center points. The results for the injection
of straight water jets are summarized in table 1. Thereby x-
pos and y-pos are the mean values of the measured x and y
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Table 1. Positions of center points for straight water injection using evaluation methods A (center of gravity) and B (position of lowest
temperature) including standard deviations, whereby for method B the deviations∆xAB and ∆yAB to the positions determined with method
A are listed.

x-pos (mm) σxA (mm) y-pos (mm) σyA (mm) ∆xAB (mm) σxB (mm) ∆yAB (mm) σyB (mm)

Column Row Nozzle holes Method A Method B

1 1 Large 51.8 0.25 54.6 0.24 0.7 0.15 2.4 0.53
2 Small 46.7 0.33 97.8 0.35 1.1 1.15 1.2 0.84
3 Large 51.2 0.24 142.8 0.25 −0.6 2.26 1.6 0.99

2 1 Large 124.3 0.22 57.7 0.37 0.3 0.5 1.6 1.07
2 Large 130.4 0.39 96.7 0.42 1.3 1.2 1.4 1.71
3 Small 128.8 0.22 143.6 0.31 0.6 1.45 1.1 0.44

3 1 Small 197.6 0.27 54.7 0.25 0.1 0.66 1.3 0.62
2 Large 192.7 0.23 94 0.27 0.6 1.81 2.2 1.35
3 Large 196.3 0.24 140 0.28 1.0 2.07 2.0 1.23

positions of the individual center points of the impingement
area of each nozzle, resulting from method A. It can be seen
that the determination of the centers using method A achieves
very reproducible results with maximum standard deviations
(σx, σy) of 0.39 mm in the x-direction and 0.42 mm in the
y-direction. It should also be noted at this point that this stand-
ard deviation primarily reflects how strongly the orientation of
the water jet varies from injection to injection.

In table 1 the deviations between method A and method
B are displayed by the values of∆xAB and∆yAB. It is notice-
able that the positions of the maximum temperature reductions
found with method B deviate only slightly from the center
point positions found with method A. In x-direction, there are
average deviations of up to 1.3 mm and in y-direction up to
2.4 mm. Compared to method A the standard deviations of the
center points for method B are considerably larger with max-
imum values of 2.26 mm and 1.71 mm in x- and y-direction.
This precision still results in quite high sensitivity. Therefore,
both methods can be used to test the alignment of the nozzles,
whereby the advantage of methodA is the higher precision and
the advantage of method B is the lower calculation effort. The
selection of the method may also depend on the type of spray.

With the help of the measured data of the straight water
injection, it is possible to carry out the functional control of
the water-carrying pipes and the nozzle alignment. If now the
atomizing air is added, changes in the air-bearing system can
be detected, as well. If, for example, single air-carrying holes
of a nozzle (holes at the outer circumference in figure 4) are
blocked or dirty, this would lead to a shift of the resulting
center point. The ability to detect such phenomena is a great
advantage in practical applications.

3.3. Center points of spray injection

The second operation mode investigated is the injection of a
spray. An example of the cooling pattern is shown in figure 10.
Based on such images, the positions of the wetting areas are
determined. Table 2 shows the calculated center points for
the injection of a spray. The centers of the atomized jets are
determined by method A with a standard deviation of less than
1.12 mm in x-direction and less than 0.87 mm in y-direction.
At the same time, the calculated center points of both methods

Figure 10. Cooling pattern resulting from spray injection with
crosses marking the center points of the individual positions of the
wetted areas.

are close to each other, which in turn is indicated by the differ-
ences (∆xAB and∆yAB) between the determined center points
of the two methods. The differences of the calculated center
positions have a maximum value of 1.7 mm on the x-axis and
2.8 mm on the y-axis.

When the center points are determined by method B, stand-
ard deviations up to 1.45 mm in x-direction and 1.69 mm
in y-direction are obtained. Accordingly, the standard devi-
ations in case of a spray injection are higher compared to
the straight water injection. However, this is reasonable since
the width of the jet is increased when the liquid is atomized.
Thereby the impingement areas will increase and the cooling
on the metal sheet is less focused. The values obtained rep-
resent a very high precision of repeat tests. This means that
even single tests provide very accurate measurement results. If
higher accuracies are required, it is possible to perform mul-
tiple tests to determine reliable average values.

Furthermore, for the characterization of the nozzles it is
interesting to know: how much the jet impingement position
shifts, when the atomization air is switched on. The offset
values between the straight water center points and the spray
center points give information about the relationship between
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Table 2. Positions of center points for spray injection using evaluation methods A and B including standard deviations, whereby for method
B the deviations∆xAB and ∆yAB to the positions determined with method A are listed.

x-pos (mm) σxA (mm) y-pos (mm) σyA (mm) ∆xAB (mm) σxB (mm) ∆yAB (mm) σyB (mm)

Column Row Nozzle holes Method A Method B

1 1 Large 46.4 0.32 99.8 0.87 0.2 0.35 −2.8 1.69
2 Small 50.6 0.26 140.7 0.28 0.1 0.52 1.2 0.86
3 Large 124.2 0.21 55.2 0.23 −0.4 0.58 0.7 0.95

2 1 Large 127.3 1.12 94.9 0.85 0.9 0.97 −0.9 1.39
2 Large 124.2 0.28 145.5 0.77 0.6 0.5 −1.3 0.92
3 Small 199.8 0.40 56.3 0.29 0.5 0.6 0.0 0.39

3 1 Small 190.3 0.32 95.1 0.19 1.7 1.45 0.2 1.15
2 Large 196.4 0.23 135.5 0.16 0.5 0.78 1.1 0.84
3 Large 46.4 0.32 99.8 0.87 0.2 0.35 −2.8 1.69

Table 3. Offset values between the center point positions
comparing the injection of straight water jets and the injection
of a spray using method A.

Column Row Nozzle holes ∆x (mm) ∆y (mm)

1 1 Large −0.3 2.1
2 Small −0.6 −2.1
3 Large −0.1 −2.4

2 1 Large −3.1 −1.8
2 Large −4.6 1.9
3 Small 2.2 1.6

3 1 Small −2.4 1.1
2 Large 0.1 −4.4
3 Large −0.3 2.1

airflow and water jet. These offset values are derived by sub-
tracting the center points of straight water injection and the
center points of spray injection. The results are shown in
table 3, while the values of method A are used for the com-
parisons, and the straight water injection is considered as a
reference.

The offset values between the centers of the two types of
injection range from −4.6 mm to 2.2 mm in x-direction and
from −4.4 mm to 2.1 mm in y-direction. Since these shifts
are significantly higher than the standard deviations measured
before, it can be concluded that the application of the atomiza-
tion air leads to a shift of the jet impingement positions. This is
due to the inhomogeneity of the air supply and the turbulence
created in the spray, among other things. The results also show
that the position of the jet impingement points does not only
depend on the geometric alignment of the nozzles, but also on
the design and condition of the nozzle bores.

3.4. Determination of the sizes of the wetted areas

There may be malfunctions that do not result in a change of
position of the center points. These include certain blockages
that only lead to a reduction in mass flux. One parameter that
might allow conclusions about the mass flux is the size of the
wetted area.

To be able to estimate the mass fluxes occurring, the
mass fluxes were measured under various boundary conditions
before the start of the infrared measurements. For this purpose,
the water emerging from the nozzles during injection was col-
lected directly at the nozzle outlet. The injected water mass
was determined by weighing on a precision balance. This was
carried out for different water (injection) pressures and sep-
arately for the small and large nozzles. More detailed results
can be found in (Schulz et al 2021). As expected, mass fluxes
increase with increasing water pressure. Under the injection
conditions of the IR investigations at a water pressure of 4 bar,
average mass fluxes of 4.3 g s−1 for the small nozzles and
5.6 g s−1 for the large nozzles were obtained. Based on these
investigations, it can be assumed that disturbances affecting
the flow diameter or the water pressure at the nozzle outlet
cause a change in the mass flux.

In addition to the mass flux measurements, we have carried
out preliminary studies using the frosted glass pane (figure 3),
in which we investigated the influence of the water (injection)
pressure on the wetting area. Here, increased water pressure
led to larger wetting areas. Therefore, we expect measurable
differences in the sizes of the wetted areas. It remains to be cla-
rified whether the results of the individual nozzles are repro-
ducible enough to detect possible changes.

The following determination of the sizes of the wetted areas
is based on a threshold value for the cooling, as explained in
the image processing section. For the evaluation of the sizes,
the measurements are carried out first with the straight water
injection and thereafter with the spray injection.

3.4.1. Wetted area of straight water injection. In a first step,
it is now to be checked whether there is a detectable differ-
ence between nozzles with large boreholes and nozzles with
small boreholes. The determination of the wetted areas is per-
formed with straight water injection at standard settings. Since
the wetting area increases with increasing time, figure 11 dis-
plays the area-time diagram.

For the preparation of the graphs, the wetted areas of the
present nozzles with large holes (six nozzles) and the nozzle
with small holes (three nozzles) are averaged, whereby the
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Figure 11. Progression of the wetted areas over time resulting from
straight water injection, mean values of ten repetitions.

measurement was repeated ten times. In the beginning, there is
a strong increase in the area, from about 60 ms the curve flat-
tens. To compare different nozzles or the condition of a spray-
ing tool, entire curves can be compared or a single time step
must be selected.

The dotted lines around the mean values represent the
standard deviation. The diagram shows that the nozzles within
a group show clear differences in the size of the produced
wetting area. Since both nozzle groups are clearly different
from each other, a proper distinction between large and small
nozzles is possible. Consequently, the method of measuring
the wetting area is sensitive to changes in the nozzle hole dia-
meter and it can be used to monitor the stability of the injection
behavior of individual nozzles over their life cycle.

If the measuring principle were applied in an industrial
case, a reduction in the wetting area of a nozzle would indic-
ate a clogging of this individual nozzle. If, on the other hand,
the wetting area of all nozzles is reduced, this could indicate a
drop in water pressure or clogging of the central water supply.

3.4.2. Wetted area of spray injection. For the straight water
injection, the wetting area results from the radial expansion of
the impinging water on the metal plate, as shown in figure 3.
If we now additionally switch on the atomizing air, the pro-
cess of wetting changes. The spray jets take up an increased
volume and the cross-sectional area of the jets is significantly
larger compared to a straight water jet. Therefore—in the case
of spray injection—the sizes of the wetting area during spray
injection correspond approximately to the cross-sectional area
of the spray plumes. In the case of spray injection, the sizes
of the wetted area allow statements about the intensity of
atomization.

To visualize the effect of the nozzle hole size on the wetted
area resulting from spray injection, the wetted areas are plot-
ted in figure 12. The diagram reveals that the absolute sizes of
the wetted areas are slightly larger compared to straight water
injection, while the general slope is rather similar.

We can find a clear difference between large and small
nozzles and we can identify the size of the footprint of a single

Figure 12. Progression of the wetted areas over time resulting from
spray injection; mean values of ten repetitions.

spray plume. The fact that the nozzles with large bores wet a
larger area was expected because the larger air volume flux
causes a larger expansion of the spray jet. With the aid of
the present investigation of the wetting areas, it has now been
demonstrated that the spray jet characteristic influenced by the
air volume flow can be determined by the size of the wet-
ting areas. This finding allows far-reaching conclusions to be
drawn. It can be stated that, if the wetted area of a single foot-
print changes from the master record to the control record,
changes or problems with the belonging nozzle are found,
e.g. clogging of the air carrying holes. If instead, the wetted
areas of all nozzles changed simultaneously, there is likely a
problem with the air carrying system (e.g. the air pressure).

3.5. Determination of the cooling effect

A further important parameter that might allow conclusions
about the state of the spraying tool is the cooling perform-
ance. The determination of the cooling characteristic is pos-
sible since the temperature of the metal sheet is continuously
recorded by IR camera. The local rate of heat flow between
spray and metal sheet is proportional to the measurable tem-
perature reduction of the metal sheet.

For a simplified determination, certain assumptions have to
be made, which in turn lead to a degree of deviation from the
true heat fluxes. Assuming that the Biot number approaches
zero, a constant temperature can be assumed across the sheet
thickness. Considering the present conditions, the Biot num-
ber would be below 0.1 for heat transfer coefficients up to
5000 W m−2 K−1. At the same time, the measurement dur-
ations are very short, around 100 ms. This allows the trans-
verse heat conduction within the sheet to be neglected during
a recording. Under these conditions, the occurring heat flows
can be estimated with the following equation:

Q̇xy (t) =Mmetal · cmetal ·
dTmetal,xy (t)

dt
(2)

with Q̇xy, representing the local rate of heat flow and
dTmetal,xy(t), representing the temperature change measured by
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the camera. Both values are related to the area, xy, represented
by a camera pixel. The values must always be related to a spe-
cific time t. The mass,Mmetal, refers to a volume element with
the dimensions x, y, and sheet thickness.

At the same time, the rate of heat flow in the area, Axy,
represented by a camera pixel, is dependent on the local heat
transfer coefficient, hxy, such as:

Q̇xy (t) = hxy ·Axy · (Tmetal,xy (t)−Twater) . (3)

Consequently, possible changes in the heat transfer coeffi-
cient lead to changes in temperature reduction. Nevertheless,
it must be considered that not the temperatures on the wetted
side are measured, but the temperatures on the dry rear side
of the metal sheet. This results in delayed temperature inform-
ation and less detailed information due to the transverse heat
conduction occurring inside the sheet.

The temperature reduction can be determined separately
for the three different operating modes of the spraying tool.
Thus, the detection of the cooing performance enables an inde-
pendent examination of the water-bearing system and the air-
bearing system. For the following test series, injections under
different operating modes—straight water injection, sole air
injection, and spray injection—are repeated ten times each.
For a simple and meaningful evaluation, the cooling is con-
sidered exclusively at the point of maximum temperature
reduction of each wetting area, while it was found in pre-
investigations that the tendencies of the average temperatures
within the wetted areas follow the tendencies of the maximum
temperature reductions.

3.5.1. Cooling of straight water injection. In the first step,
the temperature curve during the injection of pure water is
investigated. An initial assumption was that the nozzles with
large holes might cool the sheet metal more strongly and
thus cause more pronounced temperature reductions. How-
ever, when determining the cooling of the sheet metal, it turns
out that the cooling effect of large and small nozzles is approx-
imately the same. This can be verified by the cooling pattern
shown in figure 9. There are only small deviations between
the individual nozzles. Due to the strong and focused impact
of the water, the heat transfer coefficient reaches a high value.
Obviously, the occurring variation of the heat transfer coeffi-
cient between the spray jets is relatively small compared to the
absolute magnitude of the heat transfer coefficients. However,
this is a special case for straight water injection.

To visualize the process of cooling and to allow comparis-
ons, figure 13 shows the mean temperature curve derived from
averaging all nine nozzles. The curve shows that the injection
causes a steep drop in temperatures of about 17 K.

From the low sensitivity of cooling to nozzle hole size, it
can be concluded, that problems in the water-bearing system
may not be detected by evaluating the temperature reduction.
However, if a change in the recorded temperature reduction of
a nozzle would occur it will be a hint of an unwanted defect in
the water-bearing system of the spraying tool.

Figure 13. Mean temperature reduction over time resulting from
straight water injection as an average value of all nine nozzles and
ten repetitions.

Figure 14. Cooling pattern resulting from sole air injection with
markings at the individual positions of the cooling centers.

3.5.2. Cooling of a sole air injection. To determine the cool-
ing effect of the atomizing air, the air is blown onto the heated
metal sheet. It must be taken into account, that the air—in con-
trast to the water jet—emerges from the six outer nozzle holes,
shown in figure 4. An example of the cooling pattern, result-
ing from sole air injection is given in figure 14. It looks similar
to the cooling pattern of the spray injection, but the absolute
temperature reductions are much smaller.

It can be seen that the large nozzles (number 1, 3, 4, 5,
8, and 9) induce a stronger cooling than the smaller nozzles.
Therefore, figure 15 displays the average temperature decrease
with the corresponding standard deviations for large and small
nozzle holes, separately.

The diagram shows, that after a period of 160 ms the large
nozzles produce cooling of up to 0.8 K, while the small nozzles
only reach 0.4 K. The temperature reduction with air injection
is much smaller than with water injection. This is due to the
lower heat transfer coefficient.

Based on the differences between the nozzles with small
holes and the nozzles with large holes, it can be concluded that
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Figure 15. Mean temperature reduction over time resulting from
sole air injection as average value separately for nozzles with large
holes and nozzles with small holes.

problems like clogging can be detected via the measurement
of cooling.

For a meaningful comparison of states in the course of
the life cycle, a fixed time step must be defined to determ-
ine changes in cooling. Under the present conditions, a time
of 160 ms can be recommended.

3.5.3. Cooling of spray injection. Figure 10 shows the cool-
ing pattern, which results from a spray injection, with water
and atomizing air turned on. Interestingly, the small nozzles
induce a stronger cooling than the nozzles with large holes.
Compared to the nozzles with small holes, more air escapes
from the nozzles with large holes, which causes the spray
plume to have a larger radial extension. The spray plume
widens further and the water droplets are distributed on the
metal sheet over a larger area. This leads not only to a lar-
ger wetting surface (see figure 12) but also to reduced local
cooling.

The measured maximum temperature reductions of the
individual wetting surfaces are very reproducible. The stand-
ard deviation of the temperature reduction can be determined
for each individual nozzle from repeated tests. If the two stand-
ard deviations of all nozzles are taken and averaged over all
nozzles, a value of 0.73 K is obtained. Thus, in the case of a
later single injection, it can be assumed that the deviation from
the true value is very small or the deviation is presumed to
be smaller than 0.73 K. Accordingly, temperature reductions
are suitable as evaluation parameters. If more precise state-
ments on the changes in temperature reduction are required
in a later test, this can be achieved by carrying out repetitive
measurements.

The curves plotted in figure 16 show the temperature reduc-
tions in the centers of the wetted areas over time, which in turn
result from the average values of the various nozzles. During
the injection of the nozzles with large holes, the sheet temper-
ature drops by 12 K, while nozzles with small holes cause an
increased cooling of 17K. This illustrates the great importance
of the atomization process for wetting and cooling.

Figure 16. Mean temperature reductions over time resulting from
spray injection as average value separately for nozzles with large
holes and nozzles with small holes.

Figure 17. Side view (upper image) and top view (lower image) of
nozzle 8. To measure the shift of the orientation, a pin was locked to
the nozzle. The angle is plotted in the superimposed images.

Overall it can be concluded, that the evaluation of the cool-
ing allows detecting obstructions of the air outlet holes or the
entire air-bearing system. In turn, it is not possible to find
small changes in the flow rate within the water-bearing sys-
tem. For a simplified but meaningful comparison of different
measurements, a fixed point in time must be selected for the
comparison.

3.6. Test case for nozzle alignment

In an additional step, a proof of concept was carried out with
the help of a defined test case. For this purpose, the orienta-
tion of nozzle 8 was changed (see the position in figure 14).
To record the change in direction as precisely as possible, a
small pin was fixed in the nozzle mouth. The alignment of the
nozzle can be determined with the aid of photos taken from
above and from the side. In figure 17, the photos are superim-
posed before and after the change in direction and the angles
are plotted. With the angle and the known distance of 11 cm
between nozzle and metal plate, the theoretically expected dis-
placement of the wetted surface can be determined.

11



Meas. Sci. Technol. 34 (2023) 015902 F Schulz et al

Table 4. Shift of the center of the wetted area of nozzle 8 before
and after the nozzle adjustment during the injection of water and
spray, left: theoretical values from the side view images, right:
measured values from the wetted areas.

αx αy

∆x-pos
(mm)

∆y-pos
(mm)

∆x-pos
(mm)

∆y-pos
(mm)

Operating mode Theoretical values Measurement

Pure water 6.1◦ 2.5◦ −11.8 −4.8 −13.5 −4.6
Spray −12.2 −3.9

Figure 18. IR-images with points of impact before (blue) and after
(red) the realignment of nozzle 8, left: straight water injection, right:
spray injection.

The results are documented in table 4 with the angles in
x and y-position and the expected theoretical displacement of
11.8 mm in x-direction and 4.8 mm in y-direction.

This evaluation is followed by the wetting experiments. The
images of the IR-wetting patterns are shown in figure 18, on
the left for the injection of pure water and on the right for the
spray injection. The experiments have been performed with
all nine nozzles. For ease of comparison, only the third nozzle
column has been mapped. The circles added have their center
in the calculated center of the wetted area, blue for the posi-
tions before adjustment and red for the positions after adjust-
ment. Each position shown is based on only a single injection.
It can be seen that nozzle 8—which has been adjusted—
deviates significantly from the previous positions of the jet
impact, whereas the remaining nozzles are close to the original
position.

Finally, the shift of the center positions of the wetted areas
of nozzle 8 before and after adjustment are determined and
documented in table 4 in the ‘measurement’ column. In the
cases of straight water injection and spray injection, there are
small differences in the determined position shift. The differ-
ence is 1.3mm in the x-direction and 0.7mm in the y-direction.
Since the tests are single measurements, the deviation can be
attributed to the occurring variance. A deviation of the center
position of 1.3 mm can also be considered minor.

Table 5. Summary of the control recordings and recommended
belonging evaluation parameters.

Recordings Evaluation parameter

Air injection Temperature reduction.
Straight water injection Position of wetted area, size of wetted

area.
Spray injection Position of wetted area, size of wetted

area, temperature reduction.

If the wetting results are compared with the previously
obtained theoretical shifts, a slight deviation can be observed
as well. This can have various causes. In particular, the lim-
ited accuracy of the angle measurements. In summary, it can
be stated that a change in nozzle orientation can be detected.
The determined absolute values are subject to various influ-
ences, which leads to small deviations between the expected
and actual measured values.

3.7. Fault detection on nozzle arrays

Themethod presented enables quick and reliable identification
of individual faulty nozzles in a large array of nozzles. In addi-
tion, the method allows further narrowing down of problems
that have occurred. This can be followed by a targeted correc-
tion or repair. It must be explicitly pointed out that the oper-
ation of spraying tools, as well as spray formation and spray
propagation, involve very complex processes. Small changes
in the boundary conditions can cause different changes in the
measured wetting patterns. Therefore, it is never possible to
identify errors with absolute certainty and the fault assignment
presented here should not be seen as an exclusive possibil-
ity. In order to get a better overview between possible errors
and the different operating conditions and setting parameters,
a summary now follows.

The prerequisite for carrying out an evaluation is the
recording of master images and control images. Since there
are three operating modes, the master images and the control
images must be recorded for each of these operating modes.
The operating modes are: sole air injection, straight water
injection, and spray injection.

There are three possible evaluation parameters: position of
the wetted area, size of the wetted area, and temperature reduc-
tion. From the recordings of the straight water injection and
spray injection, the position of the wetted area and the size of
the wetted area need to be determined for each nozzle. From
the recordings of the spray injection and the sole air injection,
the temperature reduction can be evaluated additionally. In
table 5, the recommended evaluation parameters are assigned
to the recordings of the operating modes.

Unwanted changes or defects can be detected by comparing
the results between the master image and the control images.
Table 6 contains a list of possible defects. The individual
defects have been assigned to certain measurement results by
which the corresponding defect can be inferred. For example,
a decreased size of wetted area during straight water injection
of a nozzle is likely to be caused by a decreased water mass
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Table 6. Correlation between occurring measurement results and the possible causes in the spraying tool.

Measurement result Possible malfunction

Shift of the position of the center point of the wetted
area
During straight water injection and spray injection Changed jet orientation due to misalignment of corresponding nozzle.
Only during straight water injection Problems in the water-bearing system of corresponding nozzle.
Only during spray injection Problems in the air-bearing system of corresponding nozzle.

Decrease of the size of wetted area
During straight water injection Water mass flux decreased; decreased water pressure or clogging of the

water-bearing system of corresponding nozzle, faulty control valve (see figure 3).
During spray injection Air mass flux decreased; decreased air pressure or clogging of the air-bearing

system of corresponding nozzle, faulty control valve (see figure 3).

Decreased temperature reduction
During air injection
or during spray injection

Decreased air volume flux.
Decreased air pressure or clogging of the air-bearing system of corresponding
nozzle.

flux which can result from decreased water pressure or clog-
ging of the water-bearing system of the corresponding nozzle.

In the table, only the main conclusions are listed, but of
course, many related changes can occur, which then allow fur-
ther narrowing down of the problems. An important distinc-
tion must be made regarding whether changes occur only at
individual nozzles or whether changes occur at all nozzles. If
changes occur for all nozzles at the same time, then problems
in the central water or air supply are very likely.

The described method can also be used for other types of
spraying tools and nozzles. However, if nozzles are used that
have only one operating mode, such as simple pressure-jet
atomizers, then the measurement results are less comprehens-
ive, compared to nozzles with three operating modes. For this
reason, it can then bemore difficult to assign possiblemalfunc-
tions. It is important to note that the basic measuring principle,
the detection of changes compared to a target state, remains
the same. Thus, changes in the qualitative wetting pattern and
quantitative changes in the wetting pattern (positions of cen-
ter points, sizes of the wetted areas, or maximum cooling) can
be identified. From these data, various possible malfunctions
can be narrowed down analogously to table 6, for all kinds of
spraying tools.

4. Conclusions

Complex multi-nozzle spraying tools pose challenges for con-
ventional measuring systems. Especially when an application
under harsh industrial conditions is required. In many indus-
trial applications, continuous documentation of the spray qual-
ity is required to guarantee product quality and ensure uninter-
rupted production. The absolute values of parameters such as
droplet diameter and velocity or spray cone diameter are usu-
ally not of particular interest, but rather whether the spraying
tool produces a consistent wetting of the mold or casting.

For this purpose, we have developed and tested a method
that allows continuous monitoring of complex sprays. The

method is based on the wetting pattern generated by the spray
on the surface of a heated metal plate. This pattern is captured
on the back of the plate by an infrared camera. The monitoring
is built on master recordings taken with a properly functioning
spraying tool. Subsequent regular recordings of control images
allow comparison with the master image. Changes between
master and control images indicate changes in the spray tool.

To characterize the performance of the newmethod in more
detail, a spraying tool with nine external mixing air–water
nozzles was used. With the new infrared method, the three
working modes (air injection, straight water injection, spray
injection) of a spraying tool can be investigated separately.
The investigations have shown that the evaluation paramet-
ers (position of wetted area, size of wetted area, temperature
reduction) can be recorded with high sensitivity and precision.
For example, the position of the wetted area of a nozzle can be
determined with a precision of 0.42 mm. This allows even the
smallest changes in nozzle orientation to be detected. Based
on the evaluation parameters, possible defects can be deduced,
these include:

• detection of faulty nozzles
• the directional adjustment of an individual nozzle or mul-
tiple nozzles

• the partial or complete blockage of the water access of indi-
vidual or multiple nozzles

• the partial or complete blockage of the air access of indi-
vidual or multiple nozzles

• faulty control valves of an individual nozzle or multiple
nozzles

• problems in the central water supply
• problems in the central air supply.

The rapid and reliable identification of problems prevents
the production of rejects and long production downtimes. At
the same time, the method helps to optimally design spray-
ing tools and adapt them to new mold geometries. Thus, the
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presented new infrared pattern method enables fast, robust,
and cost-effective monitoring of complex spray tools.
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