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Abstract: Impingement jets are used in many applications for high convective heat transfer.
In order to optimise specialised nozzle systems, a comprehensive understanding of the gas
flow is essential. The aim of this work is to investigate high-convective flows at Re = 10,000
to Re = 50,000 for a single slot nozzle (slot width W = 5 mm) and a slot nozzle array (distance
between nozzle slots s = 70 mm) consisting of five nozzles. Particle image velocimetry
measurements are taken for a distance between strip and nozzle exit of H = 50 mm and are
compared to verify if the results from a single slot nozzle are transferable to a nozzle array.
The presence of an array of nozzles not only creates a distinct zone where the individual jets
interact but also changes the flow characteristics of the respective free jets. The potential
core length in the nozzle field is significantly reduced compared to the single nozzle. It
is therefore not possible to make a direct transfer of the results. Direct transferability of
the results is therefore not possible. This means that further studies on whole arrays are
needed to optimise nozzle arrays.

Keywords: impingement jets; convective heat transfer; thermal process technology; potential
core length; turbulent flow; PIV visualisation; turbulent kinetic energy

1. Introduction
Energy-intensive industries like metal, glass, or paper manufacturers use impinge-

ments jets to efficiently heat or cool products, where highly efficient nozzle systems are
essential to minimise energy consumption [1]. Climate protection and resource efficiency
are key issues in society and politics. Innovative and resource-efficient lightweight con-
struction solutions are needed to reduce emissions and achieve our climate, sustainability,
and electromobility goals [2]. High-strength aluminium and steel alloys are important
factors for lightweight automotive construction. An amount of 100 kg less weight reduces
the fuel consumption of a car by 0.7 l per 100 km. For electric vehicles a weight reduction is
reflected in increased range. [3]. The materials optimised for these properties are charac-
terised by demanding production routes, especially in terms of heat treatment. The complex
requirements for the material properties place high demands on the nozzle systems. It is
therefore imperative to continuously improve highly efficient nozzle systems for various
applications across all industries.

Despite many studies [4] that have been carried out on impingement jets, further
research is needed to optimise nozzle systems for specific applications with high Reynolds
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numbers Re > 10,000 due to the complex flow characteristics of impingement jets when
striking a surface (see Figure 1). In this work, an industrial nozzle system used in the
heat treatment of metal strips is analysed. The original nozzle array can be analysed
without simplifications. An impingement jet can be divided into three zones: free jet zone,
stagnation zone, and wall jet zone. For nozzle arrays an additional mixing zone is taken
into consideration [5,6].

Figure 1. Schematic illustration of the flow of an impingement jet.

Starting from the nozzle, a free jet is formed which continuously expands and mixes
with the surrounding medium (shear layer). As a result, the vertical velocity component
decreases continuously until it is reduced to zero at the stagnation point. At the same time,
the horizontal velocity component increases and a wall jet zone is formed. The area between
individual nozzles in a nozzle field is referred to as a mixing zone. The characteristics of
this flow depend on the nozzle geometry (round nozzle: nozzle diameter D, slot nozzle:
slot width W), the distance between the nozzle outlet and the impact surface (strip distance
H), the nozzle exit velocity u, and, in the case of a nozzle array, the distance between the
individual nozzles s. In addition, the flow and therefore the heat transfer is very sensitive
to the nozzle arrangement. A low ratio of strip distance to nozzle size is aimed for to
maximise heat transfer but is not always technically feasible.

Within the free jet, the potential core jet is of importance for heat transfer. Here, the
velocity remains constant and is equal to the nozzle exit velocity. The length of the core jet
depends on the degree of turbulence of the nozzle flow and the nozzle exit velocity. The
potential core jet length is defined as the position where the mean flow dynamic pressure
(proportional to speed squared) reaches 95% of the initial value at the nozzle exit. For slot
nozzles, the core jet length is between 4.7 and 7.7 times the nozzle width [7,8].

The basis for optimising nozzle systems is a sufficient understanding of the flow. The
challenge is to visualise the real flows and their properties such as velocity and direction.
One way to build up this understanding is through experiments supported by particle-
based optical measurement techniques for describing velocities in flows. These include
Laser Doppler Anemometry (LDA), Particle Image Velocimetry (PIV), Doppler Global
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Velocimetry (DGV), and Laser Transit Velocimetry (LTV) [9]. PIV’s ability to capture the
flow velocity of a large number of points in an area simultaneously, the possibility for
quantitative visualisation of flow structures, and gradient-based variables such as vorticity
have led PIV to be used in various nozzle systems before [10]. Due to the wide range
of applications of impingement jets, various optical flow investigations which have been
carried out are summarised in Table 1.

Table 1. Optical flow studies on nozzle systems by other authors.

Author (Year) Method Nozzle System Reynolds Number Re

Buchlin
(2002) [11,12] PIV/CFD Slot nozzle array 11,000

Geers
(2004) [13] PIV/LDA Single round nozzle (D = 36 mm)

Round nozzle array (D = 12 mm) 23,000

Angioletti
(2005) [14] PIV Single round nozzle 1000–4000

Wang
(2016) [15] PIV Double slot nozzle (W = 5.8 mm) 9100

Khayrullina
(2017) [16] PIV/LDA Single slot nozzle (W = 8; 16 mm) 7200–13,500

Nguyen
(2019) [17] PIV Single square nozzle with round

edges (W = 12.7 mm) Re > 450,000

Berthold
(2020) [18] PIV Round nozzle array (D = 12 mm) 7200

Barbosa
(2022) [19] PIV Round nozzle array (D = 5 mm,

XNozzle = 5) 5000

Barbosa
(2023) [20] PIV Round nozzle array (D = 5 mm,

XNozzle = 3) 5000

Different types of nozzles and settings have been studied, including single nozzles
and nozzle arrays with different shapes. The focus of the studies is also varied, e.g.,
Barbosa et al. [19,20] investigate the influence of the impact plate shape. Only a few studies
deal with flows Re > 10,000, resulting in a specific field of research for highly convective
heat transfer, which is characterised by very high flow velocities and special nozzle systems.
In addition, often only individual nozzles are investigated, leaving the transferability
of results to entire nozzle arrays limited. Especially for slot nozzle arrays, there is little
data availability.

The aim of this study is to fill this research gap by investigating highly convective air
flows at Re = 10,000 to Re = 50,000 using PIV. The experiments are carried out on a single
slot nozzle and on an array of slot nozzles. In particular, the visualisation of the flow in
entire slot nozzle arrays on an industrial scale in thermal process technology is unique.

2. Experimental Setup and Data Processing
2.1. Experimental Test Rig

The test rig for concluding the heat transfer of industrial nozzle systems by determin-
ing both the heat transfer coefficient and the flow visualisation is shown in Figure 2. The
test rig is based on a radial fan with a power of 90 kWel and a maximum volume flow rate
of 10,800 m3/h.
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Figure 2. Test rig for optical flow measurements and heat transfer characterisation; dimensions:
8 m × 5 m × 4 m.

The fan draws in ambient air and accelerates it through an inlet section equipped with
a flow meter into a distribution chamber. Particles are injected via the particle dispenser into
the inlet section for visual observation of the flow. Various nozzle arrays up to industrial
size (1480 × 1560 mm2) can be mounted on the distribution chamber. The heat transfer
coefficient was calculated based on measurements taken from an IR camera directed at
an electrically heated constantan® strip. For further technical details please refer to the
detailed description which is included by Trampe and Rademacher in [21].

This test rig was extended by laser measurement technology including a Nd:YAG laser,
a camera system, a particle dispenser, and laser protection to carry out optical investigations
of the flows within various nozzle systems. In order to investigate the flow of the impinging
jets using laser-optical measurement techniques, the heated strip is replaced by a steep
plate. This provides an accurate and straight edge for alignment of the PIV camera system
and protects the sensitive electrical connections from contamination by the tracer particles.
In addition, the test rig was equipped with a full laser protection system.

The presented results are derived by an investigation of a single slot nozzle with a slot
width of W = 5 mm and length of L = 100 mm. The slot nozzle array consists of five single
slot nozzles (W = 5 mm, L = 100 mm). According to Holger [22] heat transfer reaches its
maximum when Equation (1) is satisfied.

sop =
7
5

H (1)
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Since the strip distance is kept constant at H = 50 mm, a nozzle spacing of s = 70 mm
results. Accordingly, a flow-optimised slot nozzle array is assumed in this work. The geo-
metric data of the investigated nozzle systems are summarised in Figure 3. The hydraulic
diameter Dh is given for the dimensionless relations. For a slot nozzle, this is Dh = 2W.

Figure 3. Schematic of the investigated (a) single nozzle and the (b) slot nozzle array.

The experiment utilised air as the test medium, with a temperature of TAir = 30 ◦C,
resulting in a fluid density ρ = 1.161 kg/m3 and the dynamic viscosity η =17.1 µPa·s.
The nozzle outlet velocity was determined through the usage of Equation (2) and the
measurement of the dynamic pressure p at the nozzle outlet. Prior to each measurement,
a pitot tube was installed and subsequently removed to avoid influencing the flow. The
corresponding Reynolds numbers Re were calculated from the determined nozzle exit
velocities using Equation (3).

u =

√
2·p
ρ

(2)

Re =
ρ·u·2W

η
(3)

For both nozzle systems three different nozzle exit velocities are investigated repre-
senting the range of different Reynolds numbers. Table 2 provides an overview of all tests
carried out.

Table 2. Overview of the analysed nozzle exit velocities.

Nozzle System Nozzle Exit Velocity u Reynolds Number Re

Single slot nozzle 19.3 m/s 10,670
Single slot nozzle 48.7 m/s 33,750
Single slot nozzle 70.1 m/s 48,600
Slot nozzle array 15.4 m/s 13,360
Slot nozzle array 48.4 m/s 33,570
Slot nozzle array 70.8 m/s 49,080

As part of the experimental investigation, a comparison of the outlet velocities of the
single slot nozzle and the slot nozzle array was ensured, with a comparable value being
recorded in each case. The nozzle outlet velocity that could be stably set for the single slot
nozzle was labelled u = 19.3 m/s, which is 4 m/s higher than that of the slot nozzle array.
It was not possible to set a lower volume flow with the fan. Opening the nozzle box could
have caused cross-flow.

2.2. Measurement Setup

The measurement setup for carrying out PIV measurements includes a laser, a high-
resolution camera, and a computer for recording and processing the data. A double-pulsed
Nd:YAG laser (wavelength 532 nm) from Litro Lasers Ltd. is used. The maximum pulse
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energy is 200 mJ with a pulse length of 6–9 ns. The repetition rate can be adjusted between
0–15 Hz. The light sheet of the laser has a width of 2 mm. The liquid di-ethyl-hexyl sebacate
(DEHS) is used as tracer particles for applications in air. This odourless and colourless
liquid has a density of ρp = 0.912 g/cm3 and, using a seeding device from LaVision, has an
average particle size of dp < 1 µm [23].

The high-resolution Imager digital camera CX2-16 from LaVision is integrated into the
test rig. The camera is aligned at 90◦ to the laser sheet with a distance of approximately 880
mm. The maximum resolution of the camera is 5312 × 3024 pixels. The image dimensions
are 241.5 × 137.5 mm, obtaining a resolution of 22 pixels/mm. LaVision’s DaVis 11 software
is used for the processing of the measurement data. The local velocity vectors are calculated
by cross-correlation, which is the basis for evaluating the PIV method [24]. For this purpose,
the two recorded images are divided into frames of 64 × 64 pixels. An overlap factor of
these frames is set on 75%. Further processing is used to reduce reflections and background
noise. The background is deducted over a spatial length of 4 and a filter is used to remove
or insert any outliers. In the following measurements, all outliers above 0.5 are removed
and those below 3.0 are reinserted. Due to the processing parameters 20 vectors per orifice
width are counted.

3. Results
The velocity and the turbulent kinetic energy (TKE) k distributions are determined for

each case from the vector fields of the PIV measurements. While the velocity is derived
directly from the vector displacement of the particle motion, the turbulent kinetic energy is
calculated based on the Reynolds stress Rxx and Ryy according to Equation (4).

k =
3
4
(

Rxx + Ryy
)

(4)

Since a 2D planar PIV system is used in the present study, the turbulent kinetic energy
can only be calculated in the laser slice plane with the vector components Vx and Vy. It is
assumed that the turbulent kinetic energy in the third not-measured dimension Vz has the
same dimension as Vx and Vy [25]. Turbulent kinetic energy characterises the energy in
the fluctuating velocity field and can therefore be understood as a measure of the energy
content of the turbulent motion in a flow. Since it is well known that heat transfer increases
with increasing turbulence, knowledge of the distribution of turbulent kinetic energy is an
important contribution for the optimisation of nozzle systems [26].

The singe-slot nozzle was measured within a range from x = ± 40 mm. The measure-
ment of the slot nozzle array focused on the middle three nozzles (x = ± 90 mm). This
allows the influence of increasing nozzle exit velocities on the formation of flow structures
to be analysed. In addition, for the slot nozzle array, the interaction between the nozzles
can be evaluated. To ensure a visual comparison of the data between the results of the
single slot nozzle and the slot nozzle array, the scales per nozzle exit velocity have been
kept the same. However, it should be noted that the TKE values of the slot nozzle array
exceed the maximum value of the scale. Adjusting the scales to present the results of the
single slot nozzle would result in a significant loss of information. This also applies to
standardised scaling over the velocities.

3.1. Single Slot Nozzle

Initially, the flow through a single slot nozzle with a strip distance of H = 50 mm is
analysed at different nozzle exit velocities. Figure 4a shows the velocity distributions for
the three different exit velocities, while Figure 4b illustrates the corresponding distributions
of turbulent kinetic energy. Note that the scales had to be adapted to the increasing exit
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velocity. A uniform scaling across all velocities leads to reduced contrast, resulting in
reduced readability of the measured data.

Figure 4. Representation of (a) the velocity and (b) the turbulent kinetic energy distribution for an
impingement jet with three different nozzle exit velocities with H = 50 mm.

The influence of the nozzle exit velocity u on the flow is limited since only higher
velocities in both the free jet and the wall jet can be observed. The dimension of the
stagnation zone remains unaffected, as does the expansion of the shear layer.

The distribution of turbulent kinetic energy (TKE) throughout the impingement jet
changes with increasing nozzle exit velocity. Turbulent kinetic energy is generally lowest
in the centre of the free jet and wall region and highest in the shear layers of the free jet and
the wall jet. The formation of the impingement jet is symmetrical.
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For the lowest nozzle exit velocity of u = 19.3 m/s (Re = 10,670), the highest turbulent
kinetic energy of k = 15 m2/s2 is reached in the shear layer of the free jet. The turbulent
kinetic energy increases with increasing nozzle exit velocity at u = 48.7 m/s and reaches its
maximum at the stagnation point at k = 95 m2/s2. The wall jet reaches a turbulent kinetic
energy value up to k = 65 m2/s2. In the shear layer of the free jet a turbulent kinetic energy
of k = 40 m2/s2 is reached.

At the maximum investigated nozzle exit velocity u = 70.1 m/s, the turbulent kinetic
energy reaches up to k = 200 m2/s2 at the stagnation point. It is noticeable that the zone
of increased turbulent kinetic energy in the area of the stagnation point expands as the
nozzle exit velocity increases. Analogous to the doubling of the turbulent kinetic energy
at the stagnation point of the impingement jet by increasing the nozzle exit velocity from
u = 48.7 m/s to u = 70.1 m/s, the turbulent kinetic energy in the wall jet (k = 134 m2/s2)
and in the shear zone (k = 89 m2/s2) also doubles.

3.2. Slot Nozzle Array

Single nozzles are not commonly used in an industrial setting; therefore, a slot nozzle
array consisting of five single slot nozzles is considered. The flow from the three centre
nozzles is evaluated as it is anticipated that the flow formation will repeat symmetrically.
The left nozzle appears to be slightly displaced inwards. This, however, does not affect the
key findings of the study. Figure 5a shows the velocity distribution of the slot nozzle array
at a nozzle exit velocity of u = 15.4 m/s.

Figure 5. Representation of (a) the velocity and (b) the turbulent kinetic energy distribution for an
impact jet array with a nozzle exit velocity of u = 15.4 m/s with H = 50 mm.
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The impingement jets from each of the three nozzles are clearly visible. The mixing
zone between the left and middle nozzle is more pronounced than the mixing zone be-
tween the middle and right nozzles. This is also apparent in the distribution of turbulent
kinetic energy in Figure 5b. There are local maxima of k = 20 m2/s2 both in the shear
layer of the individual free jets and in the area of the mixing zone where two wall jets
meet. The distribution of the turbulent kinetic energy in the individual impingement jet is
not symmetrical.

Figure 6 provides in (a) the velocity distribution and in (b) the turbulent kinetic energy
distribution of the slot nozzle array with a nozzle exit velocity of u = 48.7 m/s. Due to
the increased nozzle exit velocity, the velocity in the wall jets also increases, resulting in a
clearer formation of the wall jet flow and the flow in the mixing zone.

Figure 6. Representation of (a) the velocity and (b) the turbulent kinetic energy distribution for an
impact jet array with a nozzle exit velocity of u = 48.4 m/s with H = 50 mm.

The areas with high turbulent kinetic energy have increased significantly in proportion.
After just one third of the free jet, a turbulent kinetic energy of k = 170 m2/s2 is reached in
the entire impingement jet. The zone around the interaction between two wall jets has also
increased and reaches a turbulent kinetic energy of k = 200 m2/s2. It is now noticeable that
the mixing zone extends between the nozzles. There is no change in the flow characteristics
when the nozzle exit velocity is increased up to u = 70.1 m/s in the slot nozzle array (see
Figure 7).
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Figure 7. Representation of (a) the velocity and (b) the turbulent kinetic energy distribution for an
impact jet array with a nozzle exit velocity of u = 70.8 m/s with H = 50 mm.

3.3. Uncertainty

The most important criterion for PIV measurements is that the tracer particles follow
the flow for any velocity u without delay. The Stokes number, as shown in Equation (5), is
used to verify this criterion. For Stk << 1 the particles follow the flow closely [9].

Stk =
τp

τf
(5)

Therefore, τp describes the response time as defined in Equation (6) and τf is the
characteristic time scale of the flow (see Equation (7)) [24].

τp = d2
p·

ρp

18·µ (6)

τf =
L
u

(7)

The response time formula is valid for Re < 1. For the velocity range studied, Re is
in the interval of Re = 10,000 to 50,000 (see Table 2). Due to the high Reynolds numbers,
an additional factor, a standard drag correlation CD, must be added [27]. The material
data of the DEHS tracer particles (particle diameter dp, particle density ρp) were mentioned
in Section 2.2; the dynamic viscosity of the air is specified as µ = 1.185·10−5 Pa·s. With
the characteristic length of the slot nozzle L = Dh = 2W and the additional factor CD, this
results in τp being between 1.86·10−6 s–1.98·10−6 s. This leads to Stokes numbers between
Stk = 0.00353–0.01384. Due to the small Stokes numbers for all velocities, the tracing error
can be estimated to be less than 1% [9].
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The overall measurement uncertainty is also analysed directly in the software DaVis
based on the uncertainty of standard deviation [25]. According to Wieneke [28], a value of
0.01 pixels is considered ‘excellent’ and 0.3 pixels ‘poor’. As an example, the measurement
uncertainty is illustrated by the single slot nozzle with a nozzle exit velocity of u = 48.7 m/s
in Figure 8. The measurement uncertainty of the velocity distribution uu is shown in
pixels in Figure 8a and in m/s in Figure 8b. At this point, both units are selected in order
to show the accuracies of the PIV measurement carried out in pixels but also the more
comprehensible deviation of the velocity distribution in m/s.

Figure 8. Measurement uncertainty of the single slot nozzle at u = 48.7 m/s to be specified in (a) uu in
px and (b) uu in m/s with H = 50 mm.

The measurement uncertainty of the PIV measurements is on average less than uu

< 0.1 px, except for the stagnation point, where the measurement uncertainty reaches
its maximum deviation at uu = 0.16 px. The illustration in Figure 8b shows that the
corresponding measurement uncertainty is uu = 0.5 m/s on average and the increased
measurement uncertainty at the stagnation point is uu = 1 m/s.

Figure 9 presents the measurement uncertainty uu of the velocity distribution of the
slot nozzle array with a nozzle exit velocity of u = 48.7 m/s, given in m/s. As with the
single nozzle, the accuracy of the PIV in pixels is less than 0.1 px.

Figure 9. Measurement uncertainty of the slot nozzle array at u = 48.4 m/s to be specified in uu in
m/s with H = 50 mm.

The measurement uncertainty of the other investigated nozzle exit velocities are within
the shown range and can be considered overall as ’good’ according to Wieneke [28]. Higher
accuracies, especially in the area near the stagnation point, have to be accepted at this
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point, as the focus is on a comprehensive flow investigation of the impingement jets. A
high-resolution analysis of the boundary layer is beyond the scope of this study.

4. Conclusions
The highly convective flow of an impingement jet generated by a single slot nozzle

(W = 5 mm) and a slot nozzle array consisting of five single slot nozzles with a nozzle
spacing of s = 70 mm have been investigated for three different nozzle exit velocities. The
nozzle exit velocities correspond to Reynolds numbers from approximately Re = 10,000 to
50,000. The resulting flow profiles of the single slot nozzle and the slot nozzle array are
subsequently compared and evaluated.

The results for the single slot nozzle show that the formation of the characteristic
flow pattern is independent from the nozzle exit velocity leading to an increase in the
mean velocity of the impingement jet. The same applies to the turbulent kinetic energy
distribution. The turbulent kinetic energy increases reciprocal to the increase in velocity.
The same was observed when analysing the slot nozzle array. Furthermore, it can be seen
that the velocity in the mixing zone increases with increasing nozzle exit velocity, which
leads to a higher turbulent kinetic energy. Figure 10 compares the results of the single slot
nozzle and the slot nozzle array at a nozzle exit velocity of u ≈ 48.5 m/s. The central slot
nozzle of the slot nozzle array has been selected for this comparison.

Figure 10. Comparison of the (a) velocity and (b) turbulent kinetic energy distribution of the flow from
a single slot nozzle and a slot nozzle array (centre nozzle) at a nozzle exit velocity of u ≈ 48.5 m/s
with H = 50 mm.
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Comparison of the velocity profiles at the same nozzle exit velocity shows that the
potential core jet length in the free jet of the impingement jet is about one third shorter for
the centre nozzle of the slot nozzle array and therefore has a significantly lower velocity.
Table 3 shows the theoretical velocities according to Livingood and Hrycak [7] for the
associated nozzle exit velocities of the single slot nozzle as well as the centre nozzle in the
slot nozzle array. The corresponding absolute core jet length and the core jet length as a
function of the nozzle width W from the PIV measurement are also given in the table.

Table 3. Comparison of core jet lengths between single slot nozzle and slot nozzle array with
W = 5 mm.

Nozzle System Nozzle Exit Velocity Velocity Potential Core Jet End Core Length Core Length W Related

Single slot nozzle 19.3 m/s 18.8 m/s 31.8 mm 6.4
Single slot nozzle 48.7 m/s 47.2 m/s 24.3 mm 6.9
Single slot nozzle 70.1 m/s 69.0 m/s 34.0 mm 6.8
Slot nozzle array 15.4 m/s 15.0 m/s 6.5 mm 1.3
Slot nozzle array 48.4 m/s 47.5 m/s 8.2 mm 1.6
Slot nozzle array 70.8 m/s 78.3 m/s 13.9 mm 2.8

With a relative core jet length of between 6.4 and 6.9, the core jet length of the single
slot nozzle is within the range predicted by Zuckermann [8]. The reduced relative core jet
length of 1.3 to 2.8 in the centre nozzle of the slot nozzle array deviates significantly from
this specification. In the area between the core jet and the impact surface, a substantial
reduction in the velocity of the impingement jet can be recognised.

In the mixing region of the impingement jet a higher velocity is observed due to the
interaction with the adjacent jets for the slot nozzle array. The turbulent kinetic energy
in the shear layer and in the area of the wall jet where the jets meet is three times higher
compared to the single slot nozzle. Even between the nozzles, away from the shear layer,
the turbulent kinetic energy is significantly higher. The reverse is observed at the stagnation
point. Due to the reduced velocity in the stagnation zone of the slot nozzle array, no local
maximum of the turbulent kinetic energy is reached here.

This finding leads to the conclusion that interference between multiple impinging jets
is not limited to the mixing zone near the wall. The mixing zone partially extends along
the length of the jet, resulting in further interaction with the jet. This leads to a significant
reduction in the velocity of each individual impingement jet, but also to a disproportionate
increase in turbulent kinetic energy. Geers [13] made similar observations when analysing
single round nozzles and a round nozzle array. The flow in round nozzles is rotationally
symmetrical, which is not the case with slot nozzles. Therefore, the results cannot be
directly compared to each other. Nevertheless, this work confirms that it is not possible
to extrapolate the results of flow investigations on individual nozzles to entire nozzle
fields, without compensating for the observed interaction. Further investigations with
other nozzle arrangements are essential to confirm the observations of both studies. Larger
nozzle spacings are expected to reduce the interaction between the impinging jets, but the
effect on the core jet length is still largely unknown.

Due to the limited database for impingement flows from slot nozzle systems, there
is a need for further research. Most of the work has been carried out on single nozzles,
and the present work raises questions about the applicability of the flow results to nozzle
arrays. For this reason, experimental and numerical investigations on impinging heat
transfer problems, especially for industrial applications, must examine more nozzle arrays.
Otherwise, the extrapolated results from single slot nozzles will not be sufficient for the
efficient design of nozzle systems.
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Nomenclature
The following abbreviations are used in this manuscript:

CD Standard drag correlation
D Diameter (round nozzle) mm
dp Particle diameter µm
H Strip distance mm
k Turbulent kinetic energy m2/s2

L Nozzle length mm
sop Optimised nozzle distance mm
Re Reynolds number
Rxx, Ryy Reynolds stress
s Nozzle distance mm
Stk Stokes number
u Nozzle exit velocity m/s
uu Uncertainty of the velocity distribution m/s, px
Vx, Vy, Vz Vector components
W Width mm
X Number of nozzles
µ Dynamic viscosity Pa·s
ρp Particle density g/cm3

ρFluid Fluid density g/cm3

τf Response time s
τp Characteristic time scale s
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