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Abstract

The impingement of coarse sprays with a mean diameter in the order of millimeters on vertical walls with
and without an additionally supplied wall film was studied at conditions well below the Leidenfrost limit.
The fraction of the sprayed liquid deposited on the wall was determined experimentally and theoretically
for various impingement angles with the help of a flat fan spray directed against the wall. The deposition
fraction shows a distinct minimum in the range of intermediate impingement angles. This fact cannot be
described by single-droplet-based deposition-splash criteria when considering the droplet�s impact momen-
tum alone. The investigation demonstrates that the measurement results can be explained by including the
collision of splashed droplets with incoming ones. In principle, the entrainment of the primary spray�s fine
fraction in the gas flow field may also be of relevance. For the coarse and relatively sparse sprays investi-
gated, the importance of the collisions in determining the overall balance of deposited and splashed liquid
was estimated by event statistics derived from Monte Carlo simulations. The main outcome of wall inter-
action for the coarse spray is splashing. The splashed droplets form a secondary spray. When the impinge-
ment angle is steep, the splashed liquid is redirected towards the wall as a result of the collision between the
incoming primary spray and splashed droplets.
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1. Introduction

In the spray/wall impingement, the main variables of interest are the fraction of liquid depos-
ited on the wall and the fraction which rebounds or ‘‘splashes’’ in a re-dispersion process to form a
secondary spray. The rebound of droplets at the solid surface or at the wall film is restricted to the
low impact-momentum regime. The re-dispersion process is initialized by the formation and
break-up of the impact lamella and produces secondary spray droplets by splashing. Droplet im-
pact has recently been reviewed by Rein (1993), Prosperetti and Oguz (1993) and Tropea (1999).
Droplet deposition and splashing were among others investigated by Mundo et al. (1995) for sin-
gle droplet impact on dry walls, by Walzel (1980), Reske (1987) and Coghe et al. (1995) for single
droplets impacting thin films, by Macklin and Metaxas (1976) for impact into deep or shallow
liquids and by Samenfink et al. (1997) for droplets impacting on gas shear-driven liquid films.

The amount of liquid deposited on walls is of considerable importance in practical applications
such as combustion engines, spray cooling and coating. Gas streams are contacted by sprays in
gas absorption, in the reduction of dust emissions or in chemical reaction engineering. In spray
tower design, it is of interest to minimize the amount of the spray�s interfacial area, which is lost
by wall deposition. Thereby an analysis of droplet deposition and splashing on wetted walls and
flowing liquid films is considered to be useful.

Few measurements are reported on the split of the spray flux into the deposited and splashed
liquid fractions. Results for the secondary droplets� mass flux are reported by Yarin and Weiss
(1995). Sophisticated measurements were performed by Samenfink et al. (1997) for monosized
droplet chains impacting shear driven liquid films. Tropea and Roisman (2001) measured the
depositing flux of impinging sprays. For single droplet impact models they realized a deficiency
in the predicted amount of deposition. Discrepancies were attributed to droplet collisions, crown
interaction and wall film fluctuations. For coarse flat fan sprays impacting various wall materials,
deposition fractions have been quantified by Wieltsch et al. (1998). In the present investigation,
spray deposition fractions on scrubber wall materials are determined experimentally for coarse
sprays, which are typical in flue-gas scrubbing applications with droplet Reynolds numbers and
Ohnesorge numbers covering a broad range within 10 < Re < 5 · 105 and 10�3 < Oh < 10�1.
Splash criteria considering single droplet impact events alone will be demonstrated to be insuffi-
cient to predict the magnitude of the deposition fraction in the poly-disperse spray. Literature re-
ports splash models which match, overestimate or underestimate the experimentally determined
deposition fraction, particularly for low impact angles, with respect to primary spray jets directed
nearly tangentially towards the wall. These findings suggest the action of a competing mechanism,
which might suppress an increased splashing intensity in the range of the maximal impact momen-
tum for nearly normal directed spray inclinations. Within the further analysis the inter-droplet
collision between splashed and primary spray droplets turns out to be a potential candidate for
the proposed competing mechanism.

In the outcome of droplet–droplet collisions, a number of possible scenarios are known. In the
case of coalescence the droplets will merge and form a stable product droplet. In case of a non-
central collision, the temporarily coalesced droplet pair may not be able to dissipate the kinetic
energy of the impact and may split in a kind of ligament break-up process, which is termed
stretching separation. O�Rourke and Bracco (1980) referred to this mechanism as �grazing colli-
sion�. The boundary between coalescence and stretching separation was recently investigated in
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detailed experiments by Brenn et al. (1997), Brenn et al. (2001) and Blei and Sommerfeld (2002).
Even in the case of pure �head on� collisions the merged liquid might split up again: Under the
action of capillary forces the flattened disc formed after the impact changes shape into a cylinder,
which is stretched due to inertial forces. Thereafter, droplets moving in opposite directions are
produced by ligament breakup. This mechanism produces what was called reflexive separation
and was explored by Ashgriz and Poo (1990). During the gas film drainage prior to merging
an additional phenomenon, bounce, is described by Estrade et al. (1999); however, it is not ob-
served for water droplets at atmospheric pressure.

The wall-jet configuration of impinging (fuel) sprays was recently visualized experimentally
among others, by Mohammadi et al. (2000). The gas co-flow with the spray towards the wall gen-
erates a stagnation zone where the incoming gas is deflected from its freestream direction into a
wall-jet, moving away from the impingement location. The primary spray fine-fraction containing
droplets with sufficiently small relaxation time may partly follow the gas streamline curvature in
the jet-deflection region and thereby will escape the impact by entrainment within the wall-jet. In
principle the entrainment fraction can be quantified by a critical droplet�s Stokes number, defined
in analogy to Marple�s impact theory; Marple and Liu (1974). A rough estimation shows the
upper limit of potentially entrainment-affected droplet sizes in the investigated spray lies in the
order of 50–100lm. The volumetric fraction of these droplets is negligibly small in the sprays
and therefore an entrainment fraction will not be further considered in the overall liquid flux
balance.

The aim of the present study is to validate and further develop the �competing mechanism�
hypothesis by experimental and theoretical means. The liquid deposition on the wall is investigated
experimentally in Section 2. Selected deposition-splash criteria are compared in Section 3.1. In Sec-
tion 3.2 the potential of inter-droplet collisions to account for the deviation of the spray results
from the single droplet based deposition predictions are analyzed. In Section 4 the quantitative sig-
nificance of the theoretically predicted deposited and splashed liquid fractions are demonstrated by
Monte Carlo simulations, which take into account the outcome of inter-droplet collision.
2. Experimental investigation of a flat fan spray

2.1. Measurement techniques

Due to its similarity to a circumferential segment of a hollow cone spray and to draw advan-
tages from a simple geometrical configuration, a flat fan spray was chosen for the experiments.
For a given liquid ejection pressure, the droplet impact momentum can be varied by the spray
inclination angle against the wall, while keeping the distance L of the nozzle to the impact location
constant; see Fig. 1. Thereby the wall normal component of the droplet momentum will increase
from a marginal value for flat impact angles up to the maximum at the spray directed normal to
the wall. Due to increased splashing intensity in the case of steeper impact angles, the deposition
fraction is expected to decrease correspondingly.

In the experiments a flat fan spray nozzle (Spraying Systems, 1/2 P 3580) was operated at liquid
ejection pressures of Dp = 0.3, 0.5 and 0.7bar. The angular ejected mass flux in [m3deg�1 s�1] is
in the order of the feed stream of the conical liquid sheet in typical spray tower nozzles for gas



Fig. 1. Experimental set-up to determine the deposition fraction during spray impingement.
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scrubbing applications. Measurements were performed in three steps: (1) characterization of the
primary spray; (2) determination of the amount of water deposited at the wall as a function of
ejection pressure, impingement angle, wall material and wall film; (3) measurement of the size
and velocity distribution of the secondary spray.

The impinging primary and secondary spray flows are characterized by the phase Doppler tech-
nique with a DANTEC 2D-LDA, 1-D PDPA system operated with a COHERENT 10W argon
ion laser. Table 1 summarizes the optical parameters of the instrumentation. Within the flat spray
jet, measurements were performed at a distance of 0.5m downstream from the nozzle exit at nine
discrete, equally spaced positions in the cross-section. The local spray flux density was constant
except for the outermost points and the data was averaged over the remaining central measure-
ment positions. Table 2 summarizes the primary spray results. In the secondary spray, data
was taken at levels 150 and 450mm below the point of impingement. The first measurement loca-
tion was 5mm away from the wall and further points followed at equal spacings of 10mm. Since it
is not practical to change the LDA-PDPA adjustment during the experiments, the plate and noz-
zle were moved relative to the instrument.

The amount of water deposited was determined for typical wall materials used in flue gas scrub-
bers: stainless steel (polished), Kerabutyl V, Kerabutyl BS and Ceilcote 140 Flakeline (all three
Table 1
Specifications of the LDA/PDA measurement system

Laser wavelength 514.5 and 488nm Angle of intersection 2.2�
Laser power 300 and 600mW Number of fringes 29
Beam diameter 1.7mm Fringe spacing 13.4lm
Beam separation 28.4mm Measurement volume 0.39 � 0.39 � 20.1mm
Focal length of LDA receiver 1000mm Focal length of PDA reciever 1000mm



Table 2
Spray characteristics of the investigated flat fan spray nozzle

Ejection pressure [bar]/throughput
[m3/h]

Mean droplet velocity
[m/s]

Mean droplet diameter d10
[lm]

Sauter mean diameter
d32 [lm]

0.3/0.600 5.2 228 813
0.5/0.775 7.1 219 823
0.7/0.915 8.3 221 810
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products from SGL Carbon Group, Germany). The deposition fraction as a function of the
impingement angle showed noticeable differences due to material-specific wettability and surface
roughness; cf. Wieltsch et al. (1998). In the current context the spray impingement on Kerabutyl V
is analyzed in detail. The experiments were carried out both with and without an additional film
flow smoothly running down the wall. The film thickness was maintained within 0.45 and
0.55mm. The deposition rate was determined as follows (see Fig. 1). The nozzle (2) is fed from
the tank (1). The spray is directed against plate (3) with the impingement angle varied between
15� and 75�. To keep the spray�s flight distance constant (L = 0.5m) during the impingement angle
variation, the nozzle inclination is changed together with the nozzle position by a traversing mech-
anism. The deposited water is collected by a receiver (4) and is stored in run-down tank (5). The
additional wall film (6) is produced by the wall film generator (8) connected to the feed tank (7).
The valves, flowmeters and manometers control the experiment. The deposition rate followed
from a simple mass balance and therefore the tanks stood on scales.

2.2. Characterization of the primary spray

The characteristics of the flat fan spray, produced from a single-orifice pressure nozzle, as used
in our experiments were investigated intensively by Dombrowsky and co-workers; see Briffa and
Dombrowski (1966) and the references cited therein. The liquid issuing from the nozzle is trans-
formed into a liquid sheet which is subject to aerodynamic and pressure forces. The lateral width
of the sheet is determined by the extent to which the edges of the liquid layer have contracted due
to surface tension. Growing waves break-up the sheet into fragments, which rapidly disintegrate
further into droplets. The break-up length of the sheet shows a slight dependence on the ejection
pressure and was in the order of some centimeters for the pressure range investigated. The spray
angle was approximately 26�. The finite spray depth of the flat fan spray is a result of the droplet
velocity component normal to the sheet, which is induced by the wave motion in the moment of
break-up. At a distance of 0.5m downstream from the nozzle, the spray depth reaches approxi-
mately 20mm. As pointed out by Briffa and Dombrowski (1966), the spray depth becomes more
pronounced with increased ejection pressure.

The cumulative number distribution plot of the primary spray can be described by
q0ðdÞ ¼
c

rlnð
ffiffiffiffiffiffi
2p

p
Þd

exp½0:5 lnðd=dn0:5Þ=rln�; ð1Þ
which is a log-normal distribution with a fitting parameter c and a median value dn0.5 of the drop-
let number distribution. The standard deviation of ln(d) is denoted by rln, which is estimated from
rln = ln(dn0.84/dn0.5). The measured size distributions are independent of the ejection pressure
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within the range of 0.3–0.7bar and are described by Eq. (1) with the distribution parameters
c = 10.1, rln = 1.340, dn0.5 = 110lm.

A size cut-off introduced in the raw data processing excluded droplets with dprim > 2mm. There-
by a contamination of the size spectra by large, potentially non-spherical droplets should be
avoided. The ‘‘lost’’ cut-off volume was estimated by a liquid mass balance to be smaller than
4% for all investigated ejection pressures. A diagram of Oh- versus Re-number of the primary
spray is shown in Fig. 2. Note that as a consequence of the coarse-sized spray, the droplet-fraction
to the right of the solid line marking the single-droplet-based splashing deposition limit
Kcr = OhRe1.25 = 138 contains approximately 90% of the liquid volume.

Fig. 3 shows the droplet mean velocity distribution as influenced by the ejection pressure and to
a lesser extent by the droplet size. Only droplets <300lm show a remarkable decrease of mean
droplet velocity due to the relaxation of the droplet injection velocity induced by the action of
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Fig. 2. Oh–Re plot of the primary spray; liquid ejection pressure is 0.7bar and 0.3bar; the measurement point is 0.5m
downstream from the nozzle.
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Fig. 3. Primary spray: size specific axial component of the droplet velocity for different liquid ejection pressures; data
points of experiment with ejection pressure Dp = 0.7bar.
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the aerodynamic drag along the flight distance. However, the droplet�s velocity fluctuation is
shown by the velocity-size correlation to increase strongly with decreasing droplet size. For drop-
let sizes <300lm the averaged droplet velocity fluctuation within the size classes reaches a level in
the order of the droplet mean velocity.

2.3. Results and discussion of the liquid deposition fraction measurements

Fig. 4 shows the deposition rate on Kerabutyl V with and without an additional wall film. The
experimental series for all materials produced trends with several common features. Minima of the
deposition fraction can be found in the range 40� < bmin < 60�. The exact angle bmin of the dep-
osition minimum depends on the ejection pressure and the presence of a wall film. In the exper-
iments with a wall film the spray deposition tends to be lower as compared to the cases without a
film. Note furthermore, that each set of curves shows a distinct �crossover�-point, where the influ-
ence of the nozzle feed pressure changes its trend: A higher pressure reduces the spray deposition
for small impingement angles and vice versa.

Within the branch 15� < b < bmin only a minor interaction between primary and secondary
spray is expected. Thereby the deposition fraction is mainly a result of single droplet impact
dynamics. The increase of the deposition fraction reflects the fact that small impingement angles
against the wall will reduce the number of droplets exceeding a critical impact momentum. A stee-
per impingement angle will increase the number of droplets with a critical impact momentum for
splashing and therefore increase the splashed liquid fraction. The same argument explains the re-
duced deposition for higher impact pressure on the left side of the �crossover�-point for both curve
sets in Fig. 4. Within the branch bmin < b < 75� a strong interaction of the primary and secondary
spray is expected. The splashed liquid is partially redirected towards the wall by collision intensity
between incoming primary droplets and the secondary spray. This mechanism will increase the
deposition fraction.
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Further details in Fig. 4 support the existence of the proposed regime of enhanced droplet inter-
action. Starting from the �crossover� of the curve sets, the deposition fraction increases with
increasing ejection pressure according to the increased impact velocity. These findings are consist-
ent with the fact that the collision frequency mcoll will be proportional to the relative velocity urel
between the primary and the splashed droplets; (this reasoning is detailed further in the model-
ling). Note, that in the case of the experiments with wall film the �crossover�-point of the ejection
pressure influence as well as the deposition minimum at bmin are reached at a less steep impact
angle. For the spray impingement with an additional wall film, both facts indicate an increased
range of spray inclination whereby the resulting liquid deposition is influenced or even dominated
by the droplet interaction mechanism.

Within the �single droplet impact� branch (b < bmin) the resulting deposition fraction is lower if
a wall film is present; see Fig. 4. An additional wall film promotes the formation of a steeper im-
pact lamella, Macklin and Metaxas (1976). Thereby the splashed droplets tend to be ejected from
the wall with a decreased tangential component. This observation is consistent with the measured
secondary droplet tangential velocities in Fig. 8 and will increase the splashed droplets residence
time within the interaction domain of the primary and secondary sprays. Within the �enhanced
droplet interaction� branch (b > bmin) the collision intensity is therefore expected to be increased
by the presence of the film.

2.4. Characterization of the secondary spray

The secondary spray�s arithmetic mean diameter d10 as calculated from the averaged contribu-
tions of the measurement positions 150mm below the impact location is shown in Fig. 5. With
increasing impact pressure the droplet sizes are slightly reduced in comparison to the primary
spray. For a given ejection pressure the cases with additional wall film always produce a slightly
coarser secondary spray. With the exception of the 0.3bar data series with a wall film (which
shows minor deviations) the mean droplet size does not change significantly for different impinge-
ment angles. Contrary to the relatively uneffected d10 the Sauter diameter d32 of the secondary
spray is increased in the order of 25% by addition of a wall film.

Fig. 6 shows the size distributions of the primary and the secondary sprays at impingement an-
gles of 15�, 45� and 75�. The size distributions of the secondary spray are centred nearly at the
same position on the size axis. However, their spread is considerably smaller than that of the pri-
mary spray. The coarser size fraction of the primary spray, dprim J 1000lm, is reduced by
splashing and interaction effects. Thereby a fresh droplet population in the size range of
300[ dprim [ 1000lm is produced, which is clearly visible by the increased steepness of the sec-
ondary spray size distribution curves within this range as compared that of the primary spray. Fig.
6 reveals that the fine fraction of the primary spray, di [ 300lm, is strongly reduced during
impingement, which is probably due to deposition of the fine fraction on the wall or film. A com-
parison of the secondary spray at 150mm and 450mm below the impact location (not shown in
Fig. 6) demonstrated the progressive decrease of the fine fraction along the downstream spray
path. This reduction might be caused by the continuous deposition of the small droplets on the
wall or on the coarse droplet fraction.

Fig. 7 shows the cumulative number distribution of the secondary spray for measurement loca-
tions at various normal distances from the wall. With increasing distance from the wall the fine
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fraction in the secondary spray is continuously reduced. A considerable amount of droplets smal-
ler than 50lm are present only in the near-wall region. The droplets are transported away from
the impingement location due to the entrainment within the primary spray induced wall-jet. The
coarse fraction of the splash products with droplet sizes in the range 300[ dsec [ 1000lm is not
effected by the entrainment action, as can be deduced from the nearly identical shape of the dis-
tribution functions within this size range.

The mean values of the droplet velocity components tangential and normal to the wall are sum-
marized in Fig. 8. The wall tangential component vz increases with rising ejection pressure and, as
already mentioned, decreases with the presence of a wall film. It is reduced almost linearly for stee-
per impingement angles due to the lower tangential momentum provided by the primary spray.
The influence of the ejection pressure and the wall film diminishes with steeper impingement an-
gles, which might also be caused by the dominating effect of droplet interactions on the secondary
spray characteristics. The mean normal velocity vx is relatively constant for all investigated
impingement angles and injection conditions. Consequently the secondary spray leaves the wall
with a remarkably flat secondary spray angle. At the level z = �150mm the mean secondary spray
angle is 6� from the wall in the flat impingement configuration (b = 15�) and increases slightly to
12� from the wall with steep impingement (b = 75�). The range of dominating secondary spray
injection angles corresponds to droplet absolute velocities within the limits of 2:8 <j~vsec j<
5:9m/s for the experiment without wall film and within 2:8 <j~vsec j< 5:2m/s in the case with a
wall film.
3. The modeling of physical mechanisms accompanying spray/wall interaction

3.1. Comparison of splash models based on single droplet impact mechanisms

The experimental findings concerning the liquid deposition fraction will be compared with pre-
dictions of models based on single droplet deposition/splash criteria for different primary spray
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impingement angles. The underlying and strongly simplifying assumption is that the outcome of
the spray impingement can be described as a superposition of single droplet impact mechanics.

Mundo et al. (1995) formulated a hypothesis for the regime discrimination based on the impact
momentum threshold in terms of a non-dimensional critical K number as
K ¼ OhRe1:25; ð2Þ
where Oh is the Ohnesorge number Oh = l/(qrdprim)
1/2 and Re is the Reynolds number based on

the droplet�s velocity component normal to the wall, Re = qvxdprim/l. Herein l is the dynamic
viscosity of the liquid, and q its density. The surface tension is denoted by r and dprim is the
incoming droplet�s diameter. In the notation, the symbol v denotes absolute droplet velocities
with the wall normal and tangential components vx and vz, the symbol u will be used in defini-
tions of relative velocities between droplets and the symbol wg will be reserved for the gas phase
velocity.

For dry and smooth walls Mundo et al. (1995) determined a value of Kcr = 57.7. If a wall film of
mean thickness d is present, the first occurrence of splashing is shifted to higher values of Kcr, as it
had been shown in the experiments of Cossali et al. (1997), where a value of Kcr = 138 was sug-
gested. For the special case of water (Oh = 0.0022) as the splashing liquid this limit turned out to
be independent of the film thickness when considering a dimensionless film thickness df = d/
dprim > 0.2.

From a number of alternative formulations two further splash criteria will be considered in the
comparison. Coghe et al. (1995) took into account the dependence on film thickness explicitly in
compiling their data for impact on liquid films by
WeimpLa0:2 P 1900þ 6240d1:4f : ð3Þ

Therein the wall impact Weber number is defined by Weimp ¼ qv2xdprim=r and the Laplace num-

ber is La = qrdprim/l
2. The significance of this splash criterion was also discussed in the experi-

mental analysis of Brenn et al. (1996). If the left side of Eq. (3) is larger than the right side, the
generation of secondary droplets by splashing of the incoming droplet is predicted.

O�Rourke and Amsden (2000) extended the dry wall splashing criterion of Mundo, Eq. (2) to
cover the droplet impact on wetted walls. They introduced an impact parameter E based on a
splash Mach number, which was mentioned by Yarin and Weiss (1995) as a ratio of the droplet
impact velocity to the capillary wave speed of a wave with wavelength k = dprim in the film.
O�Rourke and Amsden (2000) applied this Mach number definition to non-dimensionalize the
normal component of the droplet impact velocity by
E ¼ vx 1=dprim

ffiffiffiffiffiffiffiffiffiffiffiffi
rdf=q

p� ��1

: ð4Þ
With a boundary layer thickness dbl = dprimRe�0.5 inserted in (4) as the length scale instead of
the film thickness df, the criterion of Mundo et al. (1995) can be recovered by the equality E = K.
To avoid a division by zero in case of vanishing film thickness, the sum of film thickness and the
boundary layer thickness is introduced in the inequality eE > Ecrit with
eE2 ¼ Weimp
1

minðdf=dprim; 1Þ þ dbl=dprim

> ð57:7Þ2: ð5Þ
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The increase of the film thickness beyond the value of dprim is considered as ineffective for the
splash event. The criterion (5) reflects the damping of the splash by the presence of the film, which
will increase the dissipation of impact energy during the re-dispersion process of the spray. Fur-
thermore, energy might be radiated away from the impact site by capillary waves.

In the comparison the deposition/splash criteria are applied on all primary spray droplets
approaching the wall. The total liquid deposition fraction is estimated, assuming in the case of
splashing, that the splashed mass and the mass of the impacting droplet are conserved. No empir-
ical expression for the deposited volume fraction of a single droplet as a function of impact
parameters is used. All primary spray droplets are considered individually and potential interac-
tion effects between the droplets and the splashing lamella of adjacent impact sites are neglected.
In Fig. 9 the model predictions are compared with experimental data of the liquid deposition frac-
tion for the flat fan spray. The normal component of the impinging spray droplet velocities and
the droplet diameters, as extracted from the PDA-data of the primary spray, were used as input to
evaluate the splash models. The comparison includes the splash criterion (2) with Kcr = 138
according to Cossali et al. (1997), Eq. (3) according to Coghe et al. (1995) and Eq. (5) according
to O�Rourke and Amsden (2000). To enable application of these models in the general case of
non-perpendicular spray impact, the normal velocity component of the incoming droplet was used
to quantify the impact momentum.

As demonstrated in the experimental section, the measured deposition fraction lays within the
limits of 55–70% over the investigated range of impact angles. The model predictions are spread
over a wide range of deposition fractions and typically show a decreasing trend for steeper impact
angles, whereas the experiments demonstrate the existence of a minimum of the deposition to be
located in the intermediate impact angle range, between 45� and 55�. As a consequence, the phys-
ical mechanism modeled by the single droplet based splash criteria alone turns out to be insuffi-
cient to predict the magnitude of the deposition fraction in the poly-disperse spray.

3.2. Inter-droplet collision

Droplet–droplet collision is expected to influence the spray deposition in the near wall region
for several reasons. The droplet number concentration will increase near the wall due to the re-



C. Weiss / International Journal of Multiphase Flow 31 (2005) 115–140 127
duced velocity of splashed droplets and to a lesser extent due to the deceleration of the fine frac-
tion in the stagnation region of the impinging two-phase jet. The relative velocity between poten-
tial collision partners is high due to the counter-current or at least cross-current directed motion
of the primary spray and the splashed droplets. The effective collision cross-section of a splashed
droplet can exceed the diameter of its equal volume sphere, due to a possible droplet deformation
during the splash process, which might not have been reshaped completely in a short time period
after the ejection from the wall film.

A flow domain X can be defined to mark the region of enhanced droplet interaction intensity.
The boundaries of the domain X are identified by the intersection of the volume covered by the
primary spray jet with the enveloped volume of all possible splashed droplet trajectories; see
Fig. 1. An estimate of the frequency mcoll of collisions taking place between a splashed droplet
and the primary spray droplets in the domain X can be derived according to the kinetic theory
of gas:
mcoll ¼ Aeff j~urel j nd �
p
4
ðdsplash þ dprimÞ2 j~urel j nd: ð6Þ
The relative velocity between the primary and splashed droplets is denoted by~urel ¼~vsplash �~vprim
with the absolute velocities of the primary spray droplet~vprim and an individual splashed droplet
~vsplash. The droplet number concentration of the primary spray jet within X is denoted by nd. As
demonstrated by Eq. (6), an increase of nd,~urel and of the effective collision cross-section will lead
to higher collision frequency of the primary spray and splashed droplets. On the right side of Eq.
(6) the term in front of nd is the volume covered per second during sweeping the effective collision
cross-section along the splashed droplet path. The average number of collisions between the pri-
mary spray droplets and a single splashed droplet within X is given by
N coll ¼ ndV eff ¼ ndAeff

Z s

t¼0

j~vsplashed �~vprim j dt: ð7Þ
Note that due to the movement of the primary droplets, Veff is larger than the geometrical swept
volume Vswept along the trajectory path of length s within the interaction domain X, which would
be Vswept = sAeff. In Eq. (7) s denotes the residence time of the splashed droplet within X. In the
evaluation of Eq. (7) suitable average values for the primary and secondary spray properties,
dprim, ~vprim and dsplash, ~vsplash must be defined. The colliding liquid mass flux _mcoll tot can be ex-
pressed from the average number of collisions within X, Ncoll, and the splashed liquid mass flux
_msplash tot
_mcoll tot= _msplash tot ¼ 1� expð�N collÞ: ð8Þ
Following the standard approach the model of O�Rourke and Bracco (1980) is applied. It is
based on the derivation of Brazier-Smith et al. (1972) to determine the outcome of a collision
event according to its dimensionless characteristics (the Weber number We, the impact parameter
B and the drop size ratio) as coalescence or as stretching separation. Further alternative mecha-
nisms following a collision process are neglected in this analysis. The current implementation is
similar to the one recently described by Gavaises et al. (1996) and Post and Abraham (2002).
The nomenclature of Post and Abraham (2002) is applied in the following, with index 1 denoting
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the smaller and index 2 the larger droplet�s radius and absolute velocity prior to the collision.
Deviating from their formalism, the Weber number is defined for the smaller droplet to maintain
consistency with the original derivation of Brazier-Smith et al. (1972):
Fig. 1
mome
We ¼ q j~v1 �~v2j2r1=r: ð9Þ

The geometry of the collision configuration is summarized in the impact parameter B, defined as
B = b/(r1 + r2). Therein b denotes the displacement of the droplet centers, as seen along the direc-
tion of the relative velocity vector; according to Fig. 10b. The limiting value B = 0 defines a cen-
tral collision and in case of B = 1 the droplets only slightly graze each other. The drop size ratio is
defined as c = r2/r1 and therefore c P 1 is always fulfilled.

The displacement of each collision event is defined stochastically by B = YY and therefore
b = YY(r1 + r2), where YY is a random number uniformly distributed in the range (0,1). The re-
sult of a collision is classified to be coalescence as long as the displacement b is smaller than a crit-
ical value bcr. Highly off-centre collisions are characterized by b P bcr and result in stretching
separation. For the critical displacement of two impinging droplets the following correlation
was given by Amsden et al. (1989):
b2cr ¼ ðr1 � r2Þ2 minð1:0; 2:4f ðcÞ=WeÞ; f ðcÞ ¼ c3 � 2:4c2 þ 2:7c: ð10Þ

The velocity after coalescence is calculated as the outcome of a total inelastic collision. For a

reference system with the smaller droplet at rest, the relative velocity after the collision is
~urel;coll ¼~urel
r31

r31 þ r32

� �
: ð11Þ
The absolute velocity of the coalescence product droplet follows to be the vector sum of~v1 and
~urel;coll.

The velocities of the droplet main fractions after a stretching separation can be derived from a
droplet kinetic energy balance. Using the simplified notation v instead of j~v j for the absolute
droplet velocity, the following results are obtained for the projected velocities of both droplets
after separation (Fig. 10c)
vnew1;proj ¼
v2r32 þ v1r31 þ r32ðv1 � v2ÞZZ

r31 þ r32
vnew2;proj ¼

v2r32 þ v1r31 � r31ðv1 � v2ÞZZ
r31 þ r32

: ð12Þ
0. Collision configuration of a splashed and representative primary spray droplet: (a) prior to collision, (b) at the
nt of impact, (c) during the process of stretching separation.
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The random variable ZZ is defined as ZZ = (B � Bcr)/(1 � Bcr). Thereby, as can be seen in Fig.
10b the parameter B is related to the impact angle by the relation B = sin(w � u). As follows from
Eq. (12) the droplet fractions continue to move in the direction of motion of the droplet pair prior
to impact with reduced velocity. The droplet components in the original coordinate frame can be
reconstructed from the projected velocities according to the configuration given in Fig. 10.

The formation of satellite droplets results from the ligament stretching process during forma-
tion of the mean fragments, as investigated by Brenn et al. (2001) and by Georjon and Reitz
(1999). After the ligament breakup the satellites arrange along the connecting line between the
mean fragments. An estimation for the radius of the droplet fragments rchild is given by a corre-
lation of Georjon and Reitz (1999), assuming equal sized fragmentation
rchild ¼
1:89r1þ2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2:81We2=7PA ð1þ c3Þ2=21 þ 1
q ; ð13Þ
where their Weber number is defined as
WePA ¼ qu2relðr1 þ r2Þ=r ð14Þ
and r1+2 is the radius of a spherical droplet which would result from the stable coalescence of the
collision partners.
4. Computation of deposition fractions

The objective of the simulation is to provide the properties of the droplets leaving the collision
domain after encountering primary/secondary spray interaction and the wall deposition flux. The
liquid fluxes for a given impingement configuration are determined in a Monte Carlo simulation.
Characteristics of the primary and the secondary spray are represented by model droplet ensem-
bles resembling the measured spray properties as an input for the calculation. The model droplet
ensemble of the primary spray flux fits the measured free-stream size- and velocity distributions.
The volume of the splashed droplets ejected in a single droplet splashing event is not easily acces-
sible, due to the unknown amount of film liquid entrained. The splashing liquid flux emitted from
the wall is approximately given from the overall liquid flux balance as the difference between pri-
mary spray feed stream and deposition flux. The model droplet ensemble of the secondary spray is
also constructed from the measured spray, according to the experimental conditions under con-
sideration; cf. Figs. 5, 6 and 8.

In principle the splashing droplets start velocity from the wall is difficult to evaluate due to the
potential momentum interaction with the impinging primary spray. The secondary sprays meas-
ured data are assumed to represent essentially the non-colliding splashed droplet fraction, even in
case of steep impact angle. This hypothesis can be confirmed by the calculated results, showing the
collision product droplets preferentially to be transported towards the wall. Thereby the second-
ary spray data will be contaminated by collision effects only to a minor extent. The absolute veloc-
ity of the splashed droplets ejected from the wall is therefore estimated from the component
velocity measurements given in Fig. 8.
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4.1. Entrainment fraction

Following the arguments in Section 1, the entrainment fraction for the coarse primary spray
was neglected in the calculations.
4.2. Splashing liquid fraction

With the underlying assumption that the splashed mass and the mass of the impacting droplet
are identical, the amount of liquid rejected from the wall after impingement is determined solely
from the splash criterion (2) with Kcr = 138, as suggested by the droplet impingement experiments
on films of Cossali et al. (1997). It is important to note, that the lateral component of the primary
spray droplet velocity has a considerable contribution to the droplet�s wall normal velocity com-
ponent and therefore on the K-number, especially in case of impingement with flat spray inclina-
tion against the wall. The lateral droplet velocity component from the experiments with the 0.7bar
spray has a mean value in the order of 1.0m/s. It can be observed as a slight increase of the flat
spray�s depth in downstream direction.
4.3. Colliding fraction of the splashed liquid

The collision product flux, as the outcome of the collision events is a function of the splashing
product flux, entering the domain X, where the splashed droplets ejected from the wall preferen-
tially collide with droplets in the primary spray jet.

The colliding liquid volume flux _mcoll tot was defined as the part of the splashed liquid flux
_msplash tot, which interacts in the form of collisions with the primary spray droplets. The relative
colliding liquid fraction gcoll ¼ _mcoll tot= _msplash tot can be calculated from (8) by inserting the expres-
sion for Ncoll from (7). The droplet number concentration nd in the primary spray jet is defined by
nd ¼
6eprim

pðd30;primÞ3
ð15Þ
with the dispersed phase volume fraction eprim of the spray jet at nozzle distance L
eprim ¼ _mprimq=ð�vax;primAprimÞ: ð16Þ

In Eq. (15) d30,prim denotes the volume mean diameter of the primary spray. The number con-

centration nd should represent the coarse droplet fraction, which is most relevant in the collision
mechanism and therefore the median of the volume distribution was used to characterize the pri-
mary spray. For the quantity �vax;prim an average of the droplet velocities, weighted per droplet mass,
was used. Aprim is the primary spray�s jet cross-section at the nozzle distance L from wall impact.

The residence time s of the splashed droplet and its path length s within the interaction domain
can be estimated from a trajectory calculation for the process of splashed droplet ejection from the
wall. As an initial estimate the calculation of s is performed for the simplified two-dimensional
configuration shown in Fig. 11. The angle of ejection of the splashed droplet is denoted by h0,
and its start velocity by �v0. The local inclination of the trajectory from the horizontal is measured
by /. The droplet�s gravity force is mg. The primary spray jet inclination angle from the horizon-



Fig. 11. Schematic of the lower jet boundary of the impinging primary spray and the splashed droplet trajectory in the
wall coordinate system.
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tal is denoted by a, and the corresponding angle of the lower spray jet boundary is a 0. The pen-
etration depth l is the vertical distance of the splashing droplet�s start position measured from the
lower bound of the primary spray jet. Parametric equations for the coordinate positions along the
trajectory path, for the path length and the flight time can be derived from the droplet momentum
balance in the wall normal direction x and in the direction normal to the path; see Eqs. (A.1) and
(A.2) in Appendix A.

The intersection point of the trajectory with the lower spray jet boundary is (xs,zs), and the tra-
jectory�s angle of inclination at this point is /s. The coordinates (xs,zs) obey the relation
zs ¼ ðtan a0Þxs þ l; ð17Þ
where zs and xs are given by extending the integration limits in Eqs. (A.3) from h0 to /s. Integra-
tion is performed by an adaptive, recursive Newton–Cotes rule until reaching the intersection,
where Eq. (17) is satisfied. The residence time s follows from the path length s of the flight to
the intersection and the relation ds = vdt in the form
s ¼ �
Z /s

h0

v
g

1

cos/
d/: ð18Þ
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4.4. Collision outcome

As a consequence of collisions between splashed liquid and primary spray the processes of coa-
lescence or stretching separation are considered. The corresponding mechanism for each simu-
lated collision event is selected by comparison of the randomly selected droplet center
displacement b with the critical displacement bcr of Eq. (10). Following the direction of the flight
of the droplets produced by the interaction, the total collision product flux can be divided into a
fraction, which is directed towards the wall and a second fraction, which is able to escape the
interaction domain.

The droplet diameter produced by the coalescence of the collision partners is calculated from
the merged liquid volume. The corresponding velocity of the coalescence product droplet follows
from Eq. (11). The diameter of the fragment droplets produced in the case of a stretching sepa-
ration is estimated by Eq. (13) under the simplifying assumption of equal sized fragments. In prin-
ciple this simplification can be improved by incorporation of a more sophisticated fragment size
distribution, for example one based on the investigation of Brenn et al. (2001). However, this
refinement is not implemented in the present calculations. The total number of fragments resulting
in the stretching separation is given by
N frac ¼ ðr1þ2=rchildÞ3 ð19Þ

with rchild as defined in Eq. (13). In the case where two fragments are predicted, their velocities are
calculated by Eq. (12). If the number of fragments is greater than two, they are equally spaced
along the connecting line between the original proposed mean fragment positions and their indi-
vidual velocities are calculated according to the velocity vector diagram in Fig. 10c.
4.5. Balance of the liquid flux

The primary spray flux _mprim is given by the nozzle feed stream. The balance of the liquid flux is
closed by ignoring the transfer of preexisting film liquid into droplets during the splashing process.
Under this assumption the remaining unknown fluxes are defined by the set of balance equations,
which is formally stated by the linear system
1 0 0 0 0 0 0 0 0 0

0 1 0 0 0 0 0 0 0 0

0 0 1 0 0 0 0 0 0 0

0 0 �1 1 0 0 0 0 0 �1

0 0 0 �gcoll 1 0 0 0 0 0

0 0 0 �ð1� gcollÞ 0 1 0 0 0 0

0 0 0 0 �gwalldir 0 1 0 0 0

0 0 0 0 �ð1� gwalldirÞ 0 0 1 0 0

0 0 0 0 0 0 �ð1� gsplashÞ 0 1 0

0 0 0 0 0 0 �gsplash 0 0 1

0
BBBBBBBBBBBBBBBBBB@

1
CCCCCCCCCCCCCCCCCCA

_m
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¼

0

ð1� gsplashÞ _mprim

gsplash _mprim

0

0

0

0

0

0

0

0
BBBBBBBBBBBBBBBBBB@

1
CCCCCCCCCCCCCCCCCCA

ð20Þ
with the vector of the fluxes _m ¼ colð _mprim entrain; _mprim dep; _mprim splash; _msplash tot; _mcoll tot; _msplashþescape;
_mcoll walldir; _mcoll envdir; _mcollþdep; _msec splashÞ. The series of the liquid fluxes in _m is defined as follows:
the flux of droplets directly entrained in the wall-jet _mprim entrain, the flux of the primary spray di-
rectly deposited on the wall _mprim dep, the flux of the primary spray splashed directly during the
impingement _mprim splash, the total flux of the liquid produced by splashing, which is
_msplash tot ¼ _mprim splash þ _msec splash, the liquid flux participating in the collision process _mcoll tot,
the flux of the splashed liquid leaving the interaction domain _msplashþescape, the wall-directed
and freestream-directed fluxes of the collision products _mcoll walldir and _mcoll envdir, the depositing
and the splashing liquid fluxes from the wall-directed stream of collision products _mcollþdep and
_msec splash. The partitioning of the fluxes is determined by the three splitting fractions gsplash, gcoll
and gwalldir. The deposition fraction gcoll is calculated from Eq. (8). The wall-directed fraction
gwalldir of the collision droplets is calculated by a Monte Carlo simulation of the collision outcome
based on Eqs. (9)–(14).

4.6. Simulation results

Sample results will be discussed for the case with a wall film and a nozzle feed pressure of 0.7bar.
As calculation input for the spray interaction, experimental secondary spray data was selected as
follows. The splash droplet�s arithmetic mean diameter was chosen as d10,splash = 0.85d10,prim,
according to the data in Fig. 5, where it was shown to be nearly independent from the primary
spray impact angle. The secondary spray�s droplet spectrum covering a droplet size range within
50 < dsec < 1300lm, according to Fig. 6, was fitted by the distribution function (1). As a conse-
quence of the uncertainty introduced by the potential influence of droplet interaction, as a rough
estimate an average value of �vsec ¼ 4m/s, independent of the impingement angle, was used as the
calculation-input for the secondary droplet wall ejection velocity. This choice is also supported by
the data of Reske (1987), who performed single droplet splash experiments against moving liquid
films with primary droplets in the order of millimeters.

Results show that the directly deposited fraction of the primary spray _mprim dep is in the order of
50% for flat impingement angles (b = 15�) and approaches zero for steep impingement angles.

The s-distribution for different primary spray impingement angles is shown in Fig. 12. The
splashed droplets residence times in the interaction domain are found to be in the millisecond
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range for the dominating fraction of the downward directed splash droplets and may reach the
order of some hundred milliseconds for the rare case of upward injected splash droplets. A length
l = 5mm was set as a mean value for the distance of a characteristic splash position to the primary
jet boundary. The colliding liquid fraction of the splashing flux gcoll was calculated for the exper-
imental impingement primary spray cross-section of 0.12 · 0.02m. Even in the case of flat spray
impingement against the wall, nearly 50% of the splashing liquid encounters collisions with the
primary spray and for steep impingement the colliding fraction exceeds 90%; see Fig. 13.

The size of the droplet fragments after stretching separation as calculated from Eq. (13) is
shown in Fig. 14. Note that the definition of the We-number in the plot is according to Eq.
(14). The droplets in the simulation cover the range 100 <WePA < 1000. As a comparison, the
fragment size prediction of Dohmann (1998) from an experimental investigation of droplet colli-
sions in intersecting spray cones is also included in Fig. 14. Dohmann�s experimental data forms a
lower bound of possible droplet size decrease for the case of high-We-number impacts in overlap-
ping sprays. Note however, that typical impact angles w in the simulation are smaller than Doh-
mann�s spray impact angle of w = 120�.

The collision product flux is split into wall-directed and freestream-directed fractions according
to the velocities of the droplets produced by coalescence and stretching separation. The simulation
demonstrates that the majority of the collision product flux is directed towards the wall. The wall-
directed droplets are confronted by the splash criterion Eq. (2) like the impinging primary spray
droplets. The simulation reveals that wall-directed droplets formed by coalescence typically
splash, whereas smaller stretching separation fragments approaching the wall typically undergo
deposition. The deposition fraction of the collision product flux decreases with increasing
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impingement angle b (Fig. 15) and does not show a significant dependence on the splashed drop-
let�s ejection angle h0. Following from the overall liquid balance, the partial deposition of the wall-
directed collision product flux turns out to be the dominating deposition mechanism.

The freestream-directed collision product droplets leave the interaction domain preferentially at
flat angles from the wall; see Fig. 16. These findings are roughly consistent with the experimentally
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detected mean values of the secondary droplet trajectory inclination angles /sec, which were deter-
mined to be in the range of 6� < j90 � /secj < 12�; (according to the definition of the secondary
droplet angle / in Fig. 11).

At b = 45� the colliding liquid flux turns out to be even larger than the primary spray�s splash-
ing liquid fraction. Due to the high amount of large droplets formed by coalescence, a consider-
able amount of the wall-directed collision product flux undergoes splashing and thereby the liquid
becomes partially trapped within the interaction zone.

A comparison of measured and simulated liquid deposition fractions as a function of the pri-
mary spray�s impingement angle is shown in Fig. 17. The preliminary model predicts quantita-
tively the order of magnitude of the deposition fraction and at least shows the correct trend
within the collision dominated regime at steep impingement angles. The calculated minimum of
the deposition curve is relatively flat and not so distinct, as compared to the experiments. The
total liquid deposition is overpredicted by roughly 10–15% in the intermediate range of impinge-
ment angles.
5. Summary and conclusions

The wall impingement of coarse sprays with a mean diameter d10 in the order of millimeters was
investigated experimentally and theoretically to identify the physical mechanisms of liquid depo-
sition on the wall. In impingement experiments with a flat fan spray the liquid deposited on the
wall was measured as a function of the primary spray impingement angle. The secondary spray�s
droplet size and velocity distributions were characterized by phase Doppler measurements at a
distance of 150mm and 450mm below the impact location, to ensure a relaxation of possible
droplet deformations, which might accompany the splash process. The size distribution of the sec-
ondary spray was found to be even narrower than that of the primary spray. The liquid deposition
fraction turned out to be up to one order of magnitude higher than the value predicted by single
droplet based deposition-splash criteria.
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The experiment revealed that the splashed droplets hit the primary spray in a cross-stream con-
figuration after their ejection from the wall. Therefore, inter-droplet collisions between splashed
and primary spray droplets are postulated to play an important role in the impingement dynam-
ics. The range of steep impingement configuration produces, what was termed an ‘‘enhanced
droplet interaction regime’’.

Collision rates were estimated based on typical splashed droplet residence times within the
interaction domain of the primary spray jet. The collision outcome was simulated by a Monte
Carlo procedure, taking into account droplet coalescence and secondary breakup due to stretch-
ing separations. As a result of the enhanced droplet interaction regime, the predictions show that
the liquid deposition on the wall is mainly caused by wall-directed collision product droplets.
Comparing the calculations with the experimentally determined deposition fractions the model
shows the correct trend with a flat minimum of the deposition, which is predicted in the interme-
diate range of impingement angles. At the location of the minimum the deposition is overesti-
mated in the simulation by approximately 15%. Although the model outcome in principle
could be fine-tuned by relaxing the assumption of uniform splashing droplets� starting velocity
and starting position in the impingement spray�s jet cross-section, so far no attempt was under-
taken in this direction. Impinging spray simulations, in principle, might contribute to a more
in-depth analysis of the near wall region�s spray interaction mechanism.
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Appendix A

Simplified description of the splashed droplet trajectories.
The primary spray induced gas motion forms a wall-jet configuration with a stagnation region,

which is centered at the intersection of the primary spray�s jet axis with respect to the wall. The gas
velocity is expected to be small in the stagnation region, justifying ~wg ¼ 0 as a simplification with-
in X. As a consequence, the splashed droplets� trajectory calculation can be based on the deriva-
tion of Allen (1988), which is used in the present investigation to develop explicit integral
expressions for the droplets� path length and the droplet residence time within the interaction do-
main. With the definition of / as the angle between the droplet absolute velocity~v and the x-axis,
the droplet momentum equation in the x-direction can be stated for the special case of ~wg ¼ 0 in
the form
m
d2x
dt2

¼ �j ~F drag j cos/ ðA:1Þ



C. Weiss / International Journal of Multiphase Flow 31 (2005) 115–140 139
with ~F drag ¼ 0:5cDqgA j~vr j~vr. Therein the notation of Fig. 11 is applied with the origin of the wall
coordinate system defined in the position of the droplet�s splash center. The symbols cD, qg, A,~vr
denote the drag coefficient, the gas density, the droplet�s cross-sectional area and the relative
velocity between the droplet and the gas phase ~vr ¼~v�~wg, which under the simplification
~wg � 0 reduces to ~vr �~v. The momentum equation in the direction normal to the path at any
point on the trajectory (with the absolute length v of the instantaneous droplet velocity vector)
gives
v2=r ¼ g cos/ ðA:2Þ

as an expression for the acceleration in the normal direction of the droplet motion.

Following the derivation of Allen (1988) and again making use of the simplification~vr �~v, the
wall normal and tangential coordinates along the splashing droplet trajectory can be derived from
the momentum equations (A.1) and (A.2) in the form
x ¼ �
Z /

h0

v2

g
d/ and z ¼ �

Z /

h0

v2

g
tan/d/; ðA:3Þ
where the term v2/g in the integral is given (with the abbreviation c = 0.5cDqgit A/m and cD kept
constant) by the expression
v2

g
¼ v20

gsec2h0 � 2cv20½nð/Þ � nðh0Þ�

� �
1

cos2/
ðA:4Þ
with the function n(k) defined slightly differently but equivalent to Allen�s form, as
nðkÞ ¼ 1

2

sin k
cos2k

þ 1

2
ln tan

k
2
þ p

4

� �����
����

� �
:

In the trajectory calculation the integrations in (A.3) and in Eq. (18) are performed stepwise,
while updating the drag coefficient according to the correlation cD = 24Re�1 + 0.1Re�0.5 + 0.4
for every angle increment d/.
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