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The processes during Droplet-Wall interaction are very important regarding the compu-
tational simulation of mixture formation in IC-engines. But especially for the conditions
in DISI engines no reliable models are currently available. The main aim of the pre-
sented paper was to perform experiments under conditions as close as possible to real
DISI conditions. A special test rig was designed to produce single droplets in the neces-
sary velocity and diameter range and the impingement process was analyzed using a
highspeed imaging system. The experiments were performed with varying primary drop-
let size, primary droplet velocity and surface temperature. Additionally two different
liquids with properties close to real fuel were used. The impingement process was stud-
ied by means of a highspeed CCD-camera whereas the secondary droplet sizes and ve-
locities were determined by image analysis technique.

1. Introduction

The modern engine concept of direct injection spark ignition (DISI) engines provides a sig-
nificant potential for improvements regarding fuel consumption and consequently CO; emis-
sions. On the other hand, clearly visible difficulties exist to reach recent standards with re-
spect to the emission of unburned hydrocarbons. This is mainly due to the inhomogeneity of
the mixture with local very rich areas in the mixture and pools of liquid fuel on the walls of
the combustion chamber. They can be attributed to the interaction phenomena between the
droplets of the spray and the walls of the combustion chamber. To improve the emission
characteristics of DISI engines exact knowledge of these phenomena and reliable numerical
design tools are necessary.

The goal of the whole DWDIE project (EU, 5™ framework program) is the development of
correlations, which allow reliable prediction of the mixture formation process, especially tak-
ing into account the effect of the interaction of fuel droplets with walls under the specific
conditions inside a DISI engine. The presented study concentrates on single droplet impact on
the hot piston surface of a DISI engine.

Investigations of the impact of single drops on solid surfaces have been presented in the open
literature by various authors. Rioboo et al. [1] investigated the influence of surface roughness
and wettability of the liquid/solid/gas system. Six possible impact regimes were identified
and separated in Deposition, Rebound and Partial Rebound, as well as different forms of
Splash. The influence of a change of various parameters regarding the primary droplets and
the surrounding conditions was presented together with an overview of the sensitivity of the
process to a change of these parameters.



For the investigation of the interaction between successive droplet impacts or the impact of a
single droplet on a partially wetted wall, Kalb et. al. [2] used a droplet chain generator and a
deflection unit, consisting of a charging ring, to remove unwanted droplets from the chain.
Significant differences were found in comparison to the impact on dry surfaces or liquid lay-
ers. While in the latter case the splashing limit can be described by a critical Weber number,
in case of a partially wetted wall, splashing is controlled by the spreading velocity at which
the impacting droplet hits the sticking droplet on the wall. For completely wetted surfaces,
Cossali et. al. [3] identified a Splash-Deposition limit. In this case the splashing is character-
ized by the formation of a crown with emerging jets that disintegrate into secondary droplets.
Interdependencies between the number of these jets and the number of secondary droplets
were identified and established. Samenfink et. al. [4] analyzed the interaction between drop-
lets and a shear-driven liquid film on the surface, esp. with regard to the secondary droplet
characteristics. From this investigation, a complete set of correlations to calculate the behav-
ior of the secondary droplets was evaluated.

Regarding the impact of droplets on hot surfaces, the main emphasis found in the literature
was put on the investigation of the “Leidenfrost point”. Bernardin [5] e.g. performed detailed
experiments to study the processes taking place at an impingement under Leidenfrost condi-
tions. The Leidenfrost point is characterized by the immediate formation of a vapor layer that
separates the droplet from the wall, if the wall is heated above the Leidenfrost temperature.
This means, that the droplet doesn’t get in direct contact with the wall during the impinge-
ment process. The characteristic outcome of a droplet impact above the Leidenfrost point,
also referred to as the Film Boiling regime, was a Rebound. The Rebound in general is a dy-
namically driven phenomenon. The receding of the liquid disc, in which the primary droplet
is deformed during impact, is driven by surface tension forces and damped by contact forces
between liquid and wall. If the surface tension forces overweigh the contact forces, the liquid
regroups to a distorted droplet and rebounds back from the wall. The size of the secondary
droplet is equal to the primary one, only potential evaporation due to an elevated surface
temperature can reduce the liquid mass of the droplet. The velocity is lower than the impact-
ing velocity due to momentum loss during deformation of the droplet.

In general various authors published correlations to provide the capability to predict the re-
sults of an impingement of a droplet on a solid wall (see e.g. [6, 7, 8]). Almost any of these
correlations were developed using large droplets of pure liquids or mixtures, in order to simu-
late fuel properties. Comparing the results of these correlations for the range of conditions
and liquid properties relevant for DISI engines, significant deviations become obvious. Con-
cerning the experimental conditions it seems that still not all influencing parameters were
taken into account. Therefore, one main goal of the present study was to perform experiments
under conditions as close as possible to realistic DISI engines.

2. Experimental Setup

The investigation of single droplet wall impingement under DISI conditions required the pro-
duction of very small droplets (below 100 pm) with a high momentum (up to over 10 m/s)
and the control of the impingement process on a wall element. In the presented study this
wall element was cut from a real engine piston in order to stay close to reality. However, a
further requirement was to allow different impact angles and surface structures, but these in-
vestigations are not presented here. To visualize the small droplets, an imaging system with a
high magnification was necessary. Using a long distance microscope an image size of
0.6 x 0.5 mm could be realized, but at the same time a limitation of the depth of field to be-



low 0.1 mm had to be accepted. This very small measurement volume caused extreme re-
quirements to the spatial arrangement of the experiments. Additionally a very precise tempo-
ral control of the experiments was necessary, since the droplet impingement had to take place
inside this volume at the time of exposure.

The generation of droplets with the above mentioned properties required a generator with fea-
tures no commercially available device could offer. Due to this fact, a droplet generator
which provided the necessary droplet size was combined with an aerodynamic acceleration
device to match the required droplet velocity. This complete device is illustrated in the upper
part of Fig. 1. The droplets were injected in a stratified air flow at comparable velocities and
accelerated in a standardized nozzle. At the nozzle exit the droplets left the device in the cen-
ter of a free jet. The design of the nozzle was optimized by means of numerous PIV meas-
urements and CFD-calculations to assure that the droplets reach the required trajectories and
velocities for the impingement.

Regardless the thorough construction of the accelerating device, minor deviation of the drop-
let trajectories could not be completely avoided. But as already mentioned, the measurement
volume of the long distance optics was so small, that only very few droplets would have been
detected inside the depth of focus without further optimization. Another important effect to
avoid was the negative influence of the air motion in the vicinity of the impingement location
at the wall due to the acceleration device. The trajectories of the secondary droplets would
have directly been influenced by this stagnating flow yielding a strongly biased result. To
solve these problems a droplet separator unit was designed, which is shown in the lower part
of Fig. 1.
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Fig. 1: Overview of the experimental test setup

A small orifice with a diameter of only 200 um was placed inside the droplet/air flow before
reaching the wall. By this unit, droplets aligned in the center of the flow were separated from
the deviated ones and the main part of the air flow. The impingement location on the wall
element was placed app. 10 mm underneath this orifice. Because of the stochastic nature of
this separation the strict temporal relation between the droplet production and the impinge-



ment was lost, because of not knowning, which droplets passed the orifice and which didn’t.
To synchronize the impingement with the recording system and to assure the impingement in
the correct location on the wall, the measurement volume of a 1D-LDV was positioned at a
fixed distance between the wall and the orifice. As soon as a droplet passed the measurement
volume the LDV processor produced a signal that could be used to trigger the imaging sys-
tem. Additionally the LDV provided accurate information about the axial velocity of the pri-
mary droplets.

To investigate the complete impingement process both qualitatively and quantitatively, a
highspeed CCD-camera system was used. As already mentioned, the high magnification was
realized using a long distance microscope. The system was capable to record 16 images with
interframing times down to one microsecond. This property in combination with a thorough
calibration of the system to recover the real dimensions from the images, fulfilled the spatial
requirements to resolve the small secondary droplets as well as the temporal requirements to
resolve the complete impingement process.

The main feature of the experiments was to be conducted under conditions as close as possi-
ble to conditions inside DISI engines. However, the conflict between the using of real fuel
and an optimal reproducibility of the results and the handling of the experiments led to the
compromise of using Ethanol and Isooctane as test liquids. In terms of dimensionless num-
bers (Capillary and Laplace) a velocity of 4 m/s and a wall temperature of 18 % above the
saturation temperature were set as basic parameters. The range in which the parameters were
then varied is summarized in Tab. 1. The properties of the test liquids like saturation and
critical temperature, density, surface tension and viscosity are given in Tab. 2.

Tab. 1: Boundary conditions of the experiments:

Parameter Boundary conditions
Droplet size 50 um/ 80 pm
Wall temperature 1.0-1.3 x Tw/Tea
Liquid properties Ethanol and Isooctane

Tab. 2: Liquid properties of the used liquids:

Liquid Teat. Terit. Density Surface Tension Dyn. Viscosity
[K] [K] [kg/m’] [N/m] [Pa s]
Ethanol 351 516 773.2 0.022 1.05x 107
Isooctane 372.4 543.8 688.8 0.0182 0.466 x 10
3. Results

A first series of exemplary visualizations of the impingement process is given in Fig. 2 show-
ing the variation of the wall temperature as one of the fundamental influencing parameters in
this study. At low temperatures, slightly above saturation temperature (upper row of Fig. 2),
no secondary atomization occurs. The process is clearly situated in the regime of Deposition.
Due to the temperature of the wall the liquid evaporates completely during app. 900 ps. If
only the dynamic of the impingement is considered, all conditions investigated during the
presented work and considered to be close to real DISI engine conditions led to complete




Deposition or in some cases to Rebound. No conditions leading to prompt Splash could be
achieved. That leads to the consequence that all kinds of secondary atomization, which oc-
curred during the presented investigation, can be attributed to the thermal influence of the hot
wall. Rising the temperature to 18% above saturation temperature (2" row in Fig. 2), the pro-
duction and collapse of vapor bubbles inside the liquid pool on the wall can be observed in
the images. Now, very small secondary droplets are produced during the collapse of the vapor
bubbles. The time until the liquid is completely removed from the wall is app. 800 ps.

A further increase of the wall temperature to 25% above saturation temperature leads to a
new phenomenon. At the beginning vapor bubbles are produced and collapsed, forming sec-
ondary droplets very similar as described before. But during this process the liquid levitates
completely from the wall, finally merges again to one new droplet and leaves the wall. This
comparably very large secondary droplet, with a size only a bit smaller than the primary one,
leaves the wall very slowly (in the presented case 69 pm @ 0.1 m/s). This behavior shows
some similarities to Rebound, but is not a dynamically driven effect, but a thermally driven
one. Therefore this regime can be called Thermal Rebound regime. It shows some differences
to similar investigations known from the literature but all performed using much larger drop-
lets (see e.g. [9]). The conditions match the commonly used regime of Film Boiling, in which
larger droplets than in the regime of Bubble Boiling are produced. But still all investigations
performed with larger drops showed a high number of secondary droplets and thus naturally
having a much smaller size than the primary ones. Consequently the limits between these re-
gimes in the presented case were found between a wall temperature of 18 % and 25 % above
saturation temperature.
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Fig. 2: Influence of the wall temperature (Ethanol, dyq = 80 pm, vpq = 4.2m/s)

Fig. 3 presents another very interesting feature of this phenomenon. It shows the impinge-
ment of an Isooctane droplet under conditions scaled to the ones in Fig. 2 regarding velocity
and wall temperature. Only the Laplace number is about four times higher (4618 compared to
1234), which would be achieved in case of Ethanol, when increasing the droplet diameter to



300 um. It is clearly visible in the figure, that the outcome of the impingement is quite differ-
ent then. The Isooctane droplet disintegrates into several droplets and a few larger droplets
leave the wall which is typical for the Film Boiling regime. From the facts already known it
can be assumed that, depending on the liquid properties, this significant change in the phe-
nomenon takes place when exceeding a certain droplet diameter. Starting with an impact of a
larger droplet inside the Film Boiling regime and reducing the droplet diameter to change the
impact conditions towards realistic DISI conditions, this regime change occurs before enter-
ing the range of DISI conditions. This underlines the significance of this phenomenon.
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Fig. 3: Influence of liquid properties (Isooctane, d,q = 80 um, v,q = 7.9 m/s, Ty = 462 K)

For further investigation of the limits of the Thermal Rebound regime experiments were per-
formed with Isooctane droplets of reduced diameter. Due to the design of the droplet genera-
tor, some deviations in the primary droplet velocity could not be avoided. Fig. 4 shows the
impingement process for reduced droplet sizes for a wall temperature 30 % above saturation
temperature of Isooctane. The first row shows a 44 um droplet at 6.9 m/s. Similar to the
behavior of the Ethanol droplet in Fig. 2 it spreads on the wall, reunites and levitates from the
wall. The single secondary droplet has a diameter of 39 um and leaves the wall at 0.3 m/s.
This process can clearly be attributed to the Thermal Rebound regime.
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Fig. 4: Influence of primary droplet size (Isooctane, Tw = 489 K)

Increasing the primary droplet velocity to 9 m/s, the middle row of Fig. 4 shows a similar be-
havior and the same regime. But the image in the center, 152 ps after impact, shows two
droplets sitting on the wall, where in the upper row clearly only one compact liquid pool is
visible. These two droplets levitate, as can be seen in the fourth image of the series, approach



each other and merge. Only one secondary droplet, 37 pm in diameter, is formed and leaves
the wall with a velocity of 0.2 m/s.

Increasing the primary droplet diameter to 59 um with almost the same velocity leads to a
significant change in the process, which is presented in the lower row of Fig. 4. The droplet
spreads on the wall, disintegrates into several droplets and all these droplets leave the wall
separately. This behavior can be attributed to the Film Boiling regime. This investigation
showed that for Isooctane a limit between the Thermal Rebound and the Film Boiling regime
exists between 45 um and 59 um in terms of primary droplet size (in terms of non dimen-
sional numbers: La = 2598 / 3406, Ca=0.23 / 0.248, and We = 138 / 210 resp.).

Further emphasis will be put on the determination of the boundaries of the Thermal Rebound
regime, and the identification of the main influencing parameters. Regarding the primary
droplet velocity two scenarios are possible. Some aspects could be identified, which lead to
the assumption that the primary droplet velocity plays a minor role. The majority of im-
pingement processes observed belong to the Deposition regime, if only the dynamic is con-
sidered. The spreading and the receding phase of the impact took each less than 40 ps. These
phases are strongly affected by the impact velocity (for a detailed analysis of the spreading
phases see e.g. [10]). But the processes of secondary atomization, which occur due to thermal
conditions on the wall, need more time and start after the dynamically influenced processes
already finished. But on the other hand, regarding the second scenario, it is possible, that es-
pecially the boundary between Thermal Rebound and Film Boiling is strongly affected by the
size of the liquid disc on the wall formed by the impacting primary droplet. This disc is the
outcome of the dynamic processes of advancing and receding phase during the spreading of
the droplet. To get a more detailed insight to these phenomena, more experiments will be per-
formed and analyzed in the near future.

Overall this regime seems to be very important especially for droplet wall impact under DISI
conditions. A detailed knowledge might significantly improve the scaling of experiments
with large droplets published in the literature to conditions of small fuel droplets and should
help to find better correlations for the prediction of droplet wall interaction.

4. Summary

Due to the complexity of the process further investigation seems to be necessary for a com-
plete understanding of droplet wall interaction. Especially for the conditions of DISI engines,
where very small fuel droplets impinge on the hot piston surface, no reliable experimental
data or correlations are available up to now. Therefore experiments under conditions as close
to reality as possible had to be performed with special emphasis on the impingement of single
droplets on dry heated surfaces. To meet the extreme requirements from the generation of
small and fast droplets together with the necessity of acquiring highly magnified image series
of the complete impingement process, a special test rig was designed and built.

The focus of the experimental results presented in this publication was on the identification of
a new regime that could be referred to as typical for the DISI conditions. Under conditions
where Film Boiling could be expected generating a number of large secondary droplets, only
one secondary droplet of comparable size to the primary droplet could be observed. But no
Dynamic Rebound could be identified, because the droplet spread on the wall and stayed
there for quite a while. Then the liquid mass merged again and levitated from the wall form-
ing a large single secondary droplet which left the wall slowly. This regime was referred to as
Thermal Rebound.



By means of varying the primary droplet diameter one boundary of this regime could be iden-
tified for an Isooctane droplet. Further investigation will be necessary to identify the main
influencing parameters and boundaries. Overall this process seems to be quite typical for sin-
gle droplet wall impingement under DISI conditions, even the presented droplet sizes still
represent the upper area of the ones occurring in DISI sprays. For a correct modelling ap-
proach of the mixture formation in DISI engines this phenomenon should be taken into ac-
count.
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