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Abstract: The understanding of impingement processes is crucial for optimizing automotive selective
catalytic reduction (SCR) systems. An accurate description of this behavior helps design exhaust systems
and increases the validity of modeling approaches. A component test bench was set up, featuring
a droplet chain generator for producing droplet sizes typically found in the urea–water solution
sprays of SCR systems. A heatable impingement plate with an interchangeable surface enabled
investigation of the influence of surface roughness. Data were acquired using a high-speed camera
and image postprocessing. The droplet–wall interaction could be described using different regimes.
An approach to characterizing impingement behavior based on weighted-regime superposition
enabled gradual transitions between regimes, instead of step-like changes. It was observed that the
surface roughness increased the droplet–solid contact area and generated thermal-induced secondary
droplets at lower temperatures. A region of enhanced mechanical disintegration of the droplet was
found, caused by peaks of the surface shearing off parts of the droplet. The probability of a droplet
rebounding from the wall was reduced on a rough surface, due to the interference of the surface
spikes with the droplet’s spreading and contracting motion. Additionally, the influence of surface
topography was investigated using a shot-peened surface. Caused by this surface’s reduced root
mean square slope, the aforementioned enhancement of mechanical disintegration was not observed.

Keywords: SCR; impingement; roughness; UWS; topography

1. Introduction
1.1. Motivation

Selective catalytic reduction (SCR) continues to be a crucial technology for emission
control, as emission standards for diesel vehicles are tightened further. The demand
for constant improvement of SCR systems is evident. A deeper understanding of the
processes involved in reducing nitric oxides (NOx) is necessary. This comprises the spray
injection and primary breakup, droplet impingement, film formation and propagation,
evaporation, and reaction of urea to gaseous ammonia via thermolysis and hydrolysis.
Prior investigations by the authors underlined the importance of the impingement process
in SCR simulation [1]. The interaction of the spray droplets with a hot wall significantly
influences the ammonia preparation and mixing with the exhaust gas. This is crucial for a
homogeneous distribution of the reducing agent at the catalyst inlet. Consequently, the
parameters of the current experimental investigation were chosen to be as relevant as
possible for SCR applications. This study focuses on the influence of surface roughness on
impingement behavior, as the surfaces found in an exhaust system cannot be expected to be
ideally smooth. Furthermore, the surface roughness of certain parts of an exhaust system,
e.g., the mixing element, could be intentionally altered to influence droplet impingement.
This tuning parameter could be used to optimize ammonia distribution and general system
performance. To enable the development of such approaches, it is necessary to study
the governing effects of surface roughness and describe them in empirical impingement
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models. These models can then be used in computational fluid dynamics (CFD) simulation
tools, for a fast and secure development process, ensuring reliable system performance
under various engine operating conditions (e.g., exhaust temperatures, gas velocities, and
urea–water solution (UWS) injection rates).

1.2. Impingement Characterization

Droplet–wall interaction is a very complex topic, with many influencing factors.
Consequently, the description of impingement behavior commonly relies on empirical
approaches. Past research showed two major factors as influencing the impingement of
droplets on hot surfaces: the surface temperature, and droplet kinetics [2]. The influence
of temperature has been described using absolute temperature values or dimensionless
numbers, e.g., as the ratio over the liquid’s saturation temperature [2–5]. As a kinetic
parameter representing the droplet’s stability during impact, the dimensionless Weber
number (We) or K-number have been used, the latter being a combination of the We and
Reynolds-number (Re) [3–7]. The We-number was chosen for the current study based
on various examples in the literature and experience from previous investigations [8].
As shown in Equation (1), this calculation is based on the wall-normal component of the
velocity vn, droplet diameter d, density ρ, and surface tension σ. For specification of the
temperature, the absolute surface temperature was used.

We =
ρvn

2d
σ

(1)

Based on these main parameters, the occurrence of different impingement behaviors
is often plotted on so-called impingement maps (e.g., Figure 1), to describe the outcome of
a droplet–wall interaction [2–4,9].

Figure 1. Empirical Bai–Gosman impingement map. Reprinted with permission of SAE International
from [3]; permission conveyed through Copyright Clearence Center, Inc.

These empirical maps are derived from the results of experimental investigations, and
the definition of the regimes describing the droplet–wall interaction can vary considerably.
In the past, authors describing their observations have defined a variety of regimes and
individual denotations. The term ‘splash’ is an excellent example of an often-used name
in impingement classification that can be linked to very different behaviors. It ranges
from a small fraction of tiny secondary droplets at the rim of a spreading lamella to the
complete disintegration of the droplet on impact [3,10,11]. Additionally, many of the
resulting impingement maps show sharp threshold values separating one regime from
another; for example, a certain temperature [2–4]. However, as indicated by the shaded
areas between regimes in Figure 1, a transitional behavior was previously assumed, but this
was simplified due to limited available data [3]. It was shown in the past that transitions
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can be observed [8,12], which contradicts the use of step-wise thresholds. An alternative
classification approach based on a weighted superposition of four basic regimes can instead
be used to capture smooth transitions [8].

With a variation of the surface temperature, the boiling behavior of a droplet during wall
contact changes [2]. Consequently, three significant temperatures are often used to describe
the thermal influence and sometimes serve as regime boundaries [3,4]. The first is the fluid
saturation temperature at which boiling phenomena start to play a role [2]. The second value is
the critical heat flux (CHF) temperature. Here, the most intense heat exchange between liquid
and solid, due to strong vapor bubble formation, can be observed [13]. The third temperature
is the Leidenfrost point (LFP), at which the vapor film closes and separates the liquid from the
solid; thus, strongly reducing the heat flux to a local minimum [2,13]. However, this definition
of LFP from a heat flux perspective does not apply to the dynamic droplet–wall interaction.
Therefore, regarding impingement, a dynamic LFP has been defined as the temperature above
which a droplet’s spreading and contraction behavior after impact do not change with an
additional temperature increase [2,14].

1.3. Influence of Fluid and Droplet Size

Impingement behavior has been investigated using different fluids. Water, various
alcohols, liquid fuels, or oils are frequently used. The influence of fluid properties (e.g.,
viscosity, surface tension) on impingement was shown to be relevant [10,15,16]. Addi-
tionally, liquid properties (e.g., vapor pressure, heat capacity, thermal conductivity) have
a significant influence on heat transfer [2,13,14,17], which is a decisive aspect of the in-
teraction between droplets and hot surfaces. Furthermore, it was reported that specific
influences (e.g., droplet size on CHF) could be observed for water but not for fuels [2].
Unfortunately, no comprehensive description of the various influences of liquid properties
on impingement has yet been provided. Consequently, UWS was chosen as a working
liquid for the current study, to mimic an SCR system.

No reports could be found on the influence of the primary droplet diameter (at a
constant We or K-number) on impingement behavior. However, the influence of roughness
on impingement was described using a surface roughness that is nondimensionalized,
using the primary droplet diameter [10,18,19]. The surface roughness would need to scale
accordingly when using droplets that are an order of magnitude larger than found in
sprays. As this is hardly achievable from a manufacturing point of view, using appropriate
droplet sizes seems mandatory. Additionally, it was reported that the vapor layer forming
beneath a sessile droplet under Leidenfrost conditions is strongly dependent on the droplet
diameter [20]. This influence was later confirmed for impinging droplets [21], while the
vapor layer thickness is generally an order of magnitude smaller in this dynamic scenario [5].
Especially in comparison to the surface roughness height, the vapor layer thickness is
relevant for the influence of roughness on impingement behavior [22]. Consequently,
adequate droplet sizes had to be used in the experiments.

1.4. Influence of Surface Roughness on Droplet Impingement

Surface roughness has been reported to influence several aspects of impingement.
Roughness peaks penetrating the liquid can cause the appearance of bubbles at higher
temperatures compared to smooth surfaces [7]. This changes the impingement behavior
at this point, otherwise associated with the Leidenfrost effect. Similar phenomena were
observed where surface spikes induced a violent breakup of the spreading liquid film [23].
On a rough surface, the temperature necessary for a droplet rebound can be increased
significantly, which can be explained by the vapor mass escaping via the valleys of the
surface topography [24]. The kinetic rebound–splash threshold was also reported to change
with increasing roughness [11]. A change in surface roughness was associated with the
change in contact angle and wettability [25,26]. The contact angle influences the spreading
behavior of a droplet on a cold surface [26,27]. An increase in contact angle reduces the
droplet spreading during impingement with moderate We-numbers (<200). For higher
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We-numbers, inertial effects become predominant, and influence of wettability becomes
negligible. Consequently, the maximum spreading is only a function of the We-number [26].
During impingement on a hot surface, the independency of the maximum spreading
diameter on surface geometry was reported [21,28].

Part of the influence of surface roughness on the impingement behavior can be related
to the aspect of heat transfer. The highly complex interaction dynamic between liquid–
solid–contact and heat transfer causes different effects of an increase of roughness on
impingement, depending on the temperature [23]. It was reported that roughness does not
significantly influence the heat flux above LFP. In contrast, increased roughness decreases
the heat flux in the upper part of the transition boiling temperature range (between LFP and
CHF). However, in the lower range of transition boiling and nucleate boiling, the increased
nucleation site density of rougher surfaces causes an increase in heat flux [23]. The latter is
confirmed by reports of enhanced heat transfer in the nucleate boiling regime, also causing
secondary droplets to be expelled through bubble explosion much sooner after contact
than on a smooth surface [10]. No consistent dependency of spray-induced heat transfer
on surface roughness could be shown in [29], which was attributed to other additional
influencing factors, e.g., the introduction of surface contaminants from surface treatment.

While the temperature of CHF is reported to be relatively insensitive to surface roughness,
the LFP for deionized water was found to be 40 °C higher on a polished surface compared to
a rough one [23]. This, however, seems to contradict other publications, where an increase
in roughness caused a rise in LFP. For UWS, Steinbach (80 µmdroplets) showed an increase
of the LFP from around 300 °C for a smooth surface to 400 °C for Rz = 35 µm [24]. Kuhn
(3 mm droplets) found an LFP of 220 °C for Rz = 4.5 µm, with the temperature values also
increasing significantly for rougher surfaces (330 °C on Rz = 98.4 µm) [11]. For a smooth
surface, this is much lower than the values found by Steinbach [24] or in earlier experimental
investigations by the current authors [8]. In the latter work, the top-end temperature limit of
the thermal-induced breakup can be interpreted as LFP, which was reported at 300 °C. Both
values for smooth surfaces were closer to the temperature found by Kuhn for a rough one,
which might have been caused by the significantly larger droplets than in [8,24]. It also cannot
be neglected that the rougher impingement targets were also porous in [11].

Additionally, an interaction between We-number and the influence of roughness was
shown [23]. The dependence of the heat flux on roughness was reported to decrease with
an increasing We-number. For sessile droplets (We = 0), it was stated that the peaks
penetrating through the vapor layer caused the LFP temperature to increase. In contrast,
for impinging droplets, the surface spikes enhanced the rupture of the liquid film and cause
a decrease in LFP temperature [23]. While the described case for sessile droplets agrees
with other reports, the observed effects during impingement might be assigned to a direct
mechanical rupture of the droplet from surface peaks instead of a thermal Leidenfrost effect.

1.5. Principal Conclusions and Main Aim of the Work

The interaction of impingement and heat transfer is a complex topic, where the in-
fluence of roughness on impingement has previously been observed but not completely
understood. Primary droplet size is relevant and should be chosen at a corresponding
order of magnitude, as in typical UWS sprays. The use of UWS in the experiments was sim-
ilarly motivated.The current investigation examined how roughness potentially influences
droplet impingement in an automotive SCR system. This might help to improve ammonia
uniformity, by establishing roughness as an additional optimization parameter.

2. Materials and Methods

The following section describes the high-speed imaging used to capture the impinge-
ment behavior and the image postprocessing routine. As the setup was presented in [8],
only some noteworthy improvements are specified here. With the study focusing on the
influence of roughness, the relevant properties of the investigated surfaces are given.
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2.1. Test Bench Setup

Several methods have been described previously for studying the impingement of
droplets [11,14,30,31]. Experiments were carried out using a droplet chain generator (DCG),
to achieve droplet sizes comparable to those in SCR injectors. A schematic setup of the test
bench is shown in Figure 2. A detailed setup description can be found in [8].

Figure 2. Test bench setup for the experimental investigation of impingement on rough surfaces, with
a sectional view of the rotating cover on the right.

One drawback of a DCG is the fast succession of droplets impacting the surface, which
limits the time to observe a single event, Figure 3a. A rotating cover was designed to cut
single droplets from the droplet chain and provide the necessary observation time between
droplets. A cut through the rotating cover is depicted in Figure 2 on the right-hand side,
showing the rotating screen (light blue) with two holes for the droplets. From the incoming
droplet chain from the left, only a single droplet passes through the opening, while the rest
splash back from the screen. The result is a single droplet impact, Figure 3b.

Figure 3. Droplet cover influence on the high-speed recording: (a) With the rotating screen inactive, a
chain of droplets reaches the surface in short succession. (b) With the screen rotating, single droplet
impingement can be studied.

This is a significant improvement over the test bench setup described previously [8],
where the rotating cover was much simpler and only allowed separating a chain of a few
hundred droplets from the continuous droplet stream. The start–stop functionality for the
droplet stream was transferred to a movable collecting vessel installed in front of the outlet.
It collects all liquid until the droplet chain has stabilized, and droplets can be released on
the impingement surface at the start of the recording.

Further improvements included an automated cleaning system based on a three-hole
injector with a narrow opening angle, Figure 2 (purple). A well-targeted 7-bar spray of
distilled water after each impingement event inhibits the formation of solid deposits on the
experimental surface. Revised positioning of the image recording system with a high-speed
camera, macro lens, and LED lighting increased the spatial resolution to 106 pixels/mm
and the temporal resolution to 38,000 fps. The quality of the temperature reading could
be enhanced by positioning the thermocouple closer to the surface (0.3 mm). The surface
temperature uniformity was checked before the beginning of the experiments using an
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infrared camera, and variations around the impingement area proved to be below 1.5 °C.
The low variation in surface temperature also proved the good thermal contact between
the heating block and the interchangeable stainless-steel targets.

A commercially available reducing agent was used as a working fluid, for the closest
possible resemblance with urea-based SCR systems. The droplets consisted of 32.5% UWS,
as standardized for automotive applications, with the physical properties given in Table 1.

Table 1. Physical properties of 32.5% urea–water solution (UWS) at 25 °C [19,32].

Density Dynamic Viscosity Surface Tension
[kg/m3] [Pa-s] [N/m]

UWS 1087 1.3 × 10−3 7.0 × 10−2

2.2. Measurement Matrix and Surface Properties

The material for all impingement targets was stainless steel (EN-ISO 1.4301), due
to its frequent use in exhaust aftertreatment systems. Different surface characteristics
were achieved by shot-peening and sandblasting to different desired roughness values.
The surface properties of the impingement targets were characterized in two areas per
plate using optical methods (Alicona IF optical 3D profilometer, based on focus variation).
One measurement was taken in the central impingement area and one towards the side of
the plate, to check for uniformity of the surface parameters. The main parameters of the
panels are shown in Table 2.

Table 2. Measured surface parameters of the investigated stainless-steel impingement panels.

Panel ID Ra [µm] Rz [µm] Sa [µm] Sz [µm] Surface Treatment

ID 001 2.93 23.83 3.08 95.86 sandblasted
ID 002 8.41 62.51 8.60 194.68 sandblasted
ID 005 4.88 29.88 5.03 97.48 shot-peened
ID 009 0.83 7.08 0.81 52.93 untreated

Typical line-profile-based roughness values Ra (arithmetic mean height) and Rz (peak-to-
valley height) were evaluated, as well as their area-based counterparts Sa and Sz. An untreated
(rolled) panel served as a smooth reference sample. In Figure 4, photographs of the four
surfaces are shown. The more rounded topography of the shot-peened surface (05) compared
to the quite edgy sandblasted surfaces (01, 02) is visible in the photos, and can be seen even
better in the height profile visualized on a colored scale from −40 to +40 µm in Figure 5.

In Figure 6, a section of the measured height profiles for all four surfaces shows the much
steeper gradients resulting from sandblasting compared to the shot-peened plate. In addition,
schematic droplets with 80 and 800 µm diameter are depicted on the scale of surface height.

Figure 4. Impingement surfaces used for investigations—photos in the top row—3D images from
optical surface measurement in the bottom row (area 100 × 80 µm). Surfaces according to ID in
Table 2. The scale bars apply to the respective rows.
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Figure 5. Different surface structures resulting from shot-peening and sandblasting. Results from
optical measurements show the coloured height profile on 15 × 15 mm patches.

Figure 6. Height profiles of the investigated surfaces and droplet sizes compared to the surface height.

The parameters of droplet velocity and diameter, surface temperature, and impingement
angle were varied during the experimental investigations. The ranges are given in Table 3.

Table 3. Range of experimental parameters.

Parameter Unit Range

Velocity m/s 0.5–20
Velocity wall-normal m/s 0.35–14

Droplet diameter µm 40–180
Weber-number − 1–400

Impingement angle ◦ 22/45
Surface temperature ◦C 150–410

The test samples were heated up to 410 °C, the maximum surface temperature achiev-
able without damaging the heating cartridges. The lower end of the investigated range
was 150 °C, below which no further change in impingement behavior could be observed.
The temperature was varied with a step size of 10 °C.

The maximum droplet diameter was governed by the orifice diameter at the outlet of
the DCG, which was chosen to be 50 µm. This was smaller than in the previous experiments,
resulting in smaller droplets. Due to the rotating cover used to cut single droplets out of the
droplet chain, the droplet diameter varied between 40 and 180 µm. This variation was caused
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by some droplets contacting the cover, thereby losing some mass. This variation broadened
the range of observed droplet diameters. The second effect of the cover was a slight deviation
in droplet pathways, which led to droplets reaching the surface in different locations. Thus,
multiple independent impingement events could be evaluated from one recording.

As a perfectly perpendicular impact is unusual in exhaust systems, the impingement
angle was mainly set to 45° during the investigations. An occasional variation to 22°
enabled the study of the influence of impingement angle. The relative pressure of the UWS
was varied between 1.2 and 8.0 bar, to control the velocity of the impinging droplets.

2.3. Image Postprocessing and Mass-Fraction-Based Regime Classification

The recorded videos were postprocessed using a MATLAB routine [8], to extract
the relevant data such as droplet diameters, velocity, and We-number. For the current
investigation, only impingement on dry surfaces was evaluated. Therefore, a droplet
impacting a pre-existing film was not considered for analysis. As the error of the object
detection and the evaluated diameter increases with decreasing droplet size, only droplets
above 28 µm diameter were included. Droplets were also excluded from further analysis if
the droplet circularity was insufficient.

A mass-fraction-based approach for impingement characterization [8] was used, which
reduced the number of impingement regimes to four basic behaviors, as schematically de-
picted in Figure 7. All observed droplet–wall interactions could be described as a weighted
superposition of these basic regimes.

A droplet spreads on a wall when it interacts with a solid surface. If the wall tempera-
ture is sufficiently high, the contact layer of the liquid evaporates very rapidly to form a
vapor cushion between the liquid and solid.

Rebound: In a rebound, the spread-out liquid retracts again and lifts off the surface,
similar to the elastic impact of a solid ball.

Mechanical Breakup (MBU): With increasing kinetic energy involved, the impact
forces spreading the liquid overcome the cohesive forces, and it breaks up into numerous
secondary droplets on the wall. Those droplets move in every direction, away from the
impact location, with an acute elevation angle following the spreading motion.

Thermal-induced Breakup (TBU): If the surface temperature is insufficient to generate
a completely separating vapor cushion, the behavior of the liquid can be assigned to bubble
or transition boiling. The growth and bursting of vapor bubbles create a mist of extremely
fine secondary droplets that move away from the boiling film almost perpendicularly.

Film: If the surface temperature drops below the saturation temperature of the fluid,
the liquid remains on the surface and forms a liquid film.

Figure 7. Four basic regimes of impingement behavior with characteristic secondary droplets.
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Typical examples of the four main regimes are shown in Figure 8. The top row shows
images from the high-speed camera, highlighting the characteristics of the impingement
outcome. Below, droplets are depicted in white on a black surface, with their pathways
marked with yellow arrows.

Each observed impingement event was characterized based on these four regime
descriptions within the first 0.3 ms. With interaction times in most cases being much shorter,
this boundary was only relevant for the mass distribution between the film formation and
TBU. In cases where mild bubble and secondary droplet formation due to TBU could
be observed after the time limit, the whole mass remaining on the surface was assigned
to the film regime. As only a few extremely fine droplets appeared in these cases, their
contribution to any mass fraction could be considered negligible.

Figure 8. Pictures from high-speed recording before and after image postprocessing of characteristic
events for the four basic regimes.

Individual droplet impingement events (coincident diameter and impact velocity)
could not be repeated due to inevitable minor variations in the droplet generation, as
described earlier. However, a large number of impingement events were recorded. A
Delaunay-triangulation-based surface interpolation was used to create the presented im-
pingement maps, e.g., Figure 9. A potential data analysis error can be observed, where
immediately neighboring points with very similar impingement conditions are contained
in the impingement maps. Single outliers caused steep gradients towards all neighbor-
ing points. The raw results from the analysis of the experimental data are not ideal for
an empirical modeling approach, due to some of these experimental variations being
caused by imprecision in the measurements. Therefore, smoothing is required, as explained
in [8]. The smoothing process for the maps was refined compared to [8] by defining the
structure of the synthetic impingement maps with isolines of constant mass fractions (0,
0.5, 1). Their position was optimized by minimizing the cumulative deviation from the
experimental maps.

Figure 9. Impingement maps for Rz = 7 µm. Blue dots represent experimental data points.

3. Results and Discussion

The results of the impingement investigations are shown in the form of four contour
plots per surface. Two major influencing factors for the impingement, the surface tempera-
ture (x-axis) and the droplet We-number (y-axis), span the space for each plot. The first plot
shows the mass fraction of the incoming droplet assigned to the film regime (range 0 to 1).
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The other maps represent equivalent data for the respective regimes. The impingement
event outcome can be read from the combination of the values in the four plots for each set
of surface temperature and We-number. As no significant influence of the impingement
angle on the mass fraction distribution could be observed within the tested range, the plots
are based on data points from 45°. In between those data points, the map was completed
using linear surface interpolation based on Delaunay triangulation, as available in MAT-
LAB for scattered data points. The results for impingement on a smooth surface are shown
in Figure 9 and the successful transition to synthetic maps in Figure 10.

Consequently, the general impingement behavior can be discussed based on the pre-
sented results from the smooth surface, being the reference case. For temperatures up
to 150 °C, the impinging droplet formed a wall film. This temperature was insufficient
to generate secondary droplets from boiling. Increasing the surface temperature slightly,
depending on the We-number, the transition to a thermal-induced droplet breakup can
be observed. The mass fraction of the secondary droplets generated by TBU was nearly
independent of the We-number. With a further increase in temperature, TBU was gradually
replaced by a rebound and MBU. In this high-temperature area on the impingement map,
the influence of the We-number is significant for the droplet–wall interaction outcome.
For We-numbers below approx. 30, the rebound behavior was dominant. For We-numbers
above 30, with increasing impact energy, the mechanical disintegration during the spread-
ing phase became the determinant behavior. Surface temperatures higher than 300 °C did
not result in a further change of the impingement behavior. Consequently, this temperature
can be regarded as the dynamic LFP.

Figure 10. Synthetic impingement maps for Rz = 7 µm.

3.1. Influence of Roughness

The influence of surface roughness on the impingement was shown by comparing the
synthetic maps for the roughest surface, given in Figure 11, with those for the smoothest
investigated surface in Figure 10.

The first noticeable difference can be found in the MBU regime. The regime was
extended towards lower We-numbers, significantly reducing the area of rebound. The in-
teraction between vapor, liquid, and surface is schematically depicted in Figure 12. The
generated vapor layer could completely separate the liquid from the solid on the smooth
surface. This enabled the droplet to spread along the wall and then contract again towards
a spherical form. After this contraction, the droplet lifted off, resulting in a rebound. By
increasing the roughness, however, peaks of the solid penetrated through the vapor. Addi-
tionally, as stated in [24], a part of the vapor mass could escape from beneath the liquid
through the valleys of the rough surface. The resulting direct contact between the liquid
lamella and solid surface disturbed the expanding and contracting motion. The lamella
was torn apart through mechanical shearing into smaller secondary droplets, as typically
seen in MBU (Figure 12 upper right picture). Additionally, vapor bubbles were formed at
the tips of the peaks. Those may have caused lamella breakup as well (Figure 12 lower
right picture).
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These observations agree with the literature reports of splashing at lower We- or
K-numbers on rougher surfaces [4,10,11].

Figure 11. Synthetic impingement maps for Rz = 63 µm.

Figure 12. Influence of surface roughness on the regime transition from a rebound to MBU. The surface
peaks penetrated the vapor cushion, hindering the droplet retraction and lift-off necessary for a rebound.

The other area of extended MBU caused by roughness was towards lower temper-
atures. As in the case of the smooth surfaces, below 300 °C, a transition towards TBU
was observed. The source of the remaining mass fraction assigned to the MBU regime
could be seen during the initial phase of the impingement process, as depicted in Figure 13
t2. During droplet spreading along the wall, with decreasing lamella thickness, a point
was reached when parts of the rim were sheared off due to the interaction with surface
spikes. The pathways of the resulting droplets matched the criteria defined for MBU.
This effect could only be observed above a We-number of approx. 150. Below this, the
impacting droplet’s kinetic energy seemed insufficient to drive a spreading motion with
enough energy to cause the described shear breakup. This minimal We-number being
higher (around 200) for the less rough surface (Rz = 24 µm) implies that the effect was more
pronounced with increasing roughness. On the contrary, no influence could be observed
from temperature. The remaining lamella, which was not sheared off, underwent heat-up,
boiling, and consequently TBU, as expected at this surface temperature. In this phase, after
a delay from boiling retardation, TBU-typical secondary droplets appeared, Figure 13 t3.

Similar effects of the breakup of the spreading film on rough surfaces shortly after
impact have been observed previously. Previous explanations were either the interaction
of a lamella with decreasing thickness with rough peaks [10] or a change in the LFP
temperature [23].

As earlier publications showed, the contact patch area between droplet and wall in-
creases with the We-number [26,31,33]. This stems from intensified droplet spreading along
the wall, resulting from higher impact forces. Due to this effect, the transition from TBU to
film formation shifts towards lower temperatures with increased We-numbers. As the heat
flux from solid to liquid increases with the contact area, lower surface temperatures are
sufficient to cause the boiling phenomena leading to TBU.
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Figure 13. Mechanism of the extended MBU at lower temperatures. The rough surface rips off parts
of the spreading lamella.

Another possibility increasing this liquid–solid contact area is the surface roughness,
as shown in Figure 14. Consequently, the roughness influences the transition from TBU to
film formation similarly to the We-number. This effect can be observed in the extension of
the TBU towards lower temperatures in Figure 11 compared to Figure 10. This comparison
also shows that at high We-numbers with an already large contact area from impact forces,
the additional effect of the roughness decreases. It is, however, most relevant at small
We-numbers.

The increase in heat flux on rough surfaces was in good agreement with literature [10,23].

Figure 14. Heat transfer increase from surface roughness and a corresponding larger contact area.

3.2. Intensity of Roughness Influence

Further analysis was performed on the intensity of the influence of roughness, to see
whether increasing the roughness value also caused a more severe effect. A comparison
of Figures 15 and 16 shows that the rougher the surface, the stronger the enhancement of
the MBU intensity at lower temperatures, while the transition temperature to pure MBU
remained unchanged at approx. 300 °C. The extension of the MBU regime towards lower
We-numbers at high temperatures also scaled with the surface roughness value. The same
can be observed in the leftmost maps regarding the intensification of the TBU. The rougher
the surface, the greater the TBU at lower temperatures.

Figure 15. Impingement maps for the sandblasted surface Rz = 63 µm. Blue dots represent experi-
mental data points.

It was assumed that the influence of the roughness was linear, as proportionally with
the increase in roughness Rz, the surface peaks became more prominent. Consequently, they
protruded further through the vapor layer into the liquid at high temperatures. Thus, the
contact area gain, relevant at lower temperatures, increased. To check the assumption of
a linear correlation, derivation of synthetic maps was performed based exclusively on the
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smoothest (Rz = 7 µm) and the roughest (Rz = 63 µm) surface. The position of the supporting
nodes for the mildly rough surface (Rz = 24 µm) was found through linear interpolation
between those of the maps for the other two roughness values. Next, synthetic impingement
maps were generated from these interpolated supporting nodes. The satisfactory agreement
between the synthetic maps and the raw experimental result maps confirmed that the assumed
linearity was acceptable. A comparison is shown in Figures 16 and 17.

Figure 16. Impingement maps for the sandblasted surface with Rz = 24 µm. Blue dots represent
experimental data points.

Figure 17. Synthetic impingement maps for Rz = 24 µm.

3.3. Influence of Topography

Besides the variation of roughness in terms of Rz values, the surface topography was
investigated using shot-peening instead of sandblasting. As shown in the description of
the test samples, shot-peening yielded a more rounded structure (see Figure 6), due to the
round particles used in surface finishing. The root mean square slope Rdq is a parameter
that numerically represents the steepness of a surface. It is defined as given in Equation (2)
with the sampling length l and the local gradient of the surface profile dz

dx . The shot-peened
surface showed a considerably lower value in this respect than the sandblasted surface
with a comparable Rz value, as visible in Table 4.

Rdq =

√
1
l

∫ l

0

(
dz
dx

)2
dx (2)

At high temperatures, there was a transition from a rebound to MBU with increasing
We-numbers. In this area, no significant difference between the shot-peened (Figure 18) and
the sandblasted (Figure 16) surface structure was observed, i.e., no influence of topography.
However, in Figure 18, the appearance of MBU at temperatures below 300 °C can hardly be
observed.For topographies with Rdq > 0.2, the intensity increased with larger values of Rdq.
This effect suggests that the described mechanism for generating secondary droplets from
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the lamella shear strain only occurred during interaction with sharp objects. As visible in
Figure 6 and numerically expressed by Rdq, the gradients of the shot-peened surface were
much smaller. The spreading lamella could move along the slopes and remain connected,
instead of being ripped apart.

Table 4. Root mean square slope Rdq of the impingement surfaces (DIN EN ISO 21920-2).

Panel ID 1 2 5 9

Surface Treatment sandblasted sandblasted shot-peened untreated
Rz [µm] 24 63 30 7
Rdq [−] 0.232 0.291 0.138 0.083

Figure 18. Impingement maps for the shot-peened surface Rz = 30 µm. Blue dots represent experimen-
tal data points.

A reduced impact of surface roughness can also be observed regarding the surface
area increase and the connected intensification of heat transfer at lower temperatures. In
the case of the shot-peened surface, a reduced number of surface peaks caused a lesser
increase in contact area on the wavier surface topography. Thus, the enhancement of TBU
was less pronounced than on the sandblasted surface.

4. Conclusions

Experiments were conducted using UWS droplets representative of the droplets found
in automotive SCR systems, and they were analyzed using high-speed imaging and image
postprocessing. The observations regarding impingement behavior were presented using a
characterization approach based on the weighted superposition of four basic regimes. This
enabled a representation of the smooth transitions from one regime to another.

The influence of surface roughness on the impingement process was studied using the
presented methodology. The main results were as follows:

• An increased probability of thermal-induced breakup at lower temperatures, due to
increased liquid–wall contact area for rough surfaces.

• Enhancement of mechanical breakup towards lower temperatures, caused by surface
edges shearing secondary droplets off the spreading lamella.

• Reduced rebound at high temperatures, as surface peaks disturb and penetrate the
vapor cushion between liquid and solid.

Apart from the roughness quantified in terms of the parameter Rz, the influence of
surface topography was investigated. A wavier surface structure with a smaller root mean
square slope Rdq was achieved using shot-peening. The smaller gradients significantly
changed the roughness effect, even at similar Rz values. The reduced rebound at high
temperatures was not sensitive to the topography. However, an enhanced MBU at tempera-
tures below 300 °C was hardly observed on the shot-peened surface. The intensification of
the TBU due to the contact area increase was reduced but still visible.
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In the next step, the knowledge gained from this experimental investigation will be
implemented as a new impingement model in a CFD code. The scope will include simulation
of SCR exhaust systems. On the one hand, improving impingement modeling should allow
a more accurate prediction of ammonia gas distribution. On the other hand, impingement
governs the growth of liquid film mass, which can be a precursor for the formation of solid
deposits. Both aspects will be subject to further investigation in the near future.
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The following abbreviations are used in this manuscript:

CFD Computational fluid dynamics
CHF Critical heat flux
DCG Droplet chain generator
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LFP Leidenfrost point
MBU Mechanical breakup
NOx Nitric oxides
Re Reynolds-number
SCR Selective catalytic reduction
TBU Thermal-induced breakup
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We Weber-number
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