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Spray impact onto flat and rigid walls:
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Abstract

An experimental study of spray impact onto horizontal flat and rigid surfaces is presented and used as input data for a
new empirical model. A phase Doppler instrument has been used to measure drop size and two components of velocity
directly above the target. The average film thickness formed due to spray impact has been measured using a high-speed
CCD camera. The spray–wall interaction has been characterized in terms of correlations for the velocity and trajectory
of secondary droplets and the mass and number ratio of the secondary spray. The novel aspect of the model is that the
correlations are based on mean statistics over many events and not on the outcome of single drop impact experiments.
Furthermore a rather large range of oblique impact angles have been studied and incorporated into the empirical models
as an influencing factor.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Spray impingement onto walls occurs in many industrial and technical applications, such as direct injection
in Diesel engines, gas turbines, agricultural sprays, spray cooling, spray painting and spray coating. Physically
two important interacting hydrodynamic phenomena must be correctly captured in describing spray impact:
the generation of secondary droplets and the liquid film accumulating on the wall, the latter aspect often being
neglected in spray impact models. However, prediction of average film thickness and average velocity is very
important in the case of spray cooling systems or for fuel injection sprays onto heated walls because these
parameters significantly affect the efficiency of heat transfer in the sprayed surfaces. Also the average film
thickness can affect the properties of secondary spray, splashing threshold, ejected mass and number of
secondary droplets. In some applications, it is desirable to eliminate the deposited film on the wall as far as
possible, e.g. in internal combustion engines, whereas m some cases the maximum deposition is required,
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e.g. in spray coating, spray painting or agricultural sprayers. On the other hand, the induced fluctuations in
liquid layer formed on the rigid walls may decrease the quality of coated or painted surfaces.

Much of the previous literature on the topic of spray impact experimentally addresses deposition, usually
being restricted to the normal impact of single droplets onto a solid dry or wetted wall or sometimes onto a
thin liquid film, where generally the impact conditions can be carefully controlled, see e.g. (Bai and Gosman,
1995; Bai et al., 2002; Mundo et al., 1998; Stanton and Rutland, 1998), and such results serve as a basis for
model formulations. Prevailing models extrapolate the results of single droplet impact to the case of a spray–
wall interaction by simple superposition of many individual droplets. However such simplified models neglect
to consider numerous effects regarding spray–wall interaction such as: the influence of the deposited film on
the secondary spray, the tangential momentum of oblique impacting droplets that exist in the case of real
spray impact conditions; effect of film fluctuations on the outcome of impacting droplets; effect of multiple
droplet interactions and also the creation of the central jets and droplets due to break-up of the liquid film
under impacting drops or to the interaction between uprising jets or crowns with impacting drops or other
splashing droplets.

Our observations and that of other investigations, e.g. Sivakumar and Tropea (2002) indicate clearly that
the splash created by a drop in a spray differs significantly from that of an isolated single drop impact or from
the impact of a train of drops on a stationary liquid film, examined by Cossali et al. (1997) and Yarin and
Weiss (1995). These differences can be easily seen in Fig. 1a and b, indicating that splash of a droplet in spray
impact is much more irregular and non-symmetric in comparison to the symmetric propagation of a crown in
the case of an isolated single droplet impact onto an undisturbed liquid layer.

One exemplary sketch of a non-symmetric splash in a spray is illustrated in Fig. 2. As shown in this sketch,
one main source of this non-symmetric splash is the impact of a neighbouring droplet during the splash. If
during the splash of a given droplet in a spray, other droplets impact close to the splashing droplet, then
the higher hydrodynamic pressure exerted in the film near the base of the crown will feed fluid into the crown
body on one side, yielding a non-symmetric splash. The thickness of the crown body and the crown height on
this side will be larger than the other side, therefore secondary droplets ejected on this side will be larger due to
the thicker rim bounding the crown, see Fig. 2. Similar behaviour can also b observed due to oblique impact of
a droplet in spray. Such examples of asymmetry splashing can be seen in Fig. 1b.

In the case of spray impact, the non-dimensional crown height and radius do not exhibit a systematic
dependence on the impact Weber number (Sivakumar and Tropea, 2002). This is in contrast with the result
of an isolated single droplet impact on a stationary liquid film examined by Cossali et al. (1999). Observation
of Sivakumar and Tropea (2002) indicates that in a spray impact the crown radius exhibits a growth rate
Fig. 1. Morphological comparison between splashes created by: (a) an isolated single drop, and (b) by a drop in a spray, time interval
between frames is 62.5 ls.



Fig. 2. Sketch of a splashing droplet in a spray, depicted as non-symmetric due to neighbouring drop impacts.
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proportional to t0.2, significantly different than that of a single or train of single droplets impacting onto an
undisturbed liquid layer, �t0.5, as investigated theoretically by Yarin and Weiss (1995). In both cases the max-
imum crown heights are comparable, whereas the maximum crown radius is much smaller in the case of
splashing in a spray. Also the crown retraction is more rapid in a spray. The observations of Sivakumar
and Tropea (2002) can be confirmed in the present study. An exemplary sequential photographic image of
a splashing droplet in a spray is presented in Fig. 3. These sequential images were recorded by means of a
high-speed camera with 16 kfps. In this picture a liquid droplet with impact Weber number of 534 splashes
on a rigid surface in a dimension less accumulated film thickness of �h=db ¼ 0:57, where �h is the average film
thickness and db is the diameter of the impacting droplet.

In Fig. 4a and b, the non-dimensional crown base radius ðR�B ¼ RB=dbÞ and crown height ðH �C ¼ HC=dbÞ are
presented as a function of dimensionless time (t* = t Æ ub/db) for the splashing droplet sequences illustrated in
Fig. 3. In these pictures, non-dimensional crown base radius and height have a growth rate proportional to
(t* � 0.1)0.3 and (t* � 0.5)0.28, respectively. These growth rates for the crown base radius and height for a
splashing droplet in a spray are significantly different than that of a single or train of single droplets impacting
onto an undisturbed liquid layer, proportional to t0.5.
Fig. 3. Photographic image sequence of a splashing droplet in a spray. Recorded at 16 kfps; Wenb = 534 and �h=db ¼ 0:57.
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Fig. 4. Temporal variation of: (a) crown radius and (b) crown height of a drop splashing in a spray (t* = t Æ ub/db, Wenb = 534 and
�h=db ¼ 0:57).
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Based on the measurements conducted in this study, the non-dimensional crown base radius and crown
height of a splashing droplet in a spray as a function of dimension less time con be expressed in the
R�B � ðt� � sRÞnR

0:1 6 sR 6 2:5 and 0:2 6 nR 6 0:32
ð1Þ

H �C � ðt� � sHÞnH

0:5 6 sH 6 3:5 and 0:25 6 nH 6 0:5
ð2Þ
where sR and sH are dimensionless constants obtained from the experimental data and are related to the initial
conditions of the splash.

The difference of crown behaviour in a spray compared to single drop impacts has been examined by Rois-
man and Tropea (2004) in which the temporal expression of the crown has been described using a model for
short-wave fluctuations in the liquid film. Agreement with the experimental observations of Sivakumar and
Tropea (2002) is good.

While some of these effects have been previously investigated in isolation, see e.g. Roisman et al. (2002), the
overall behaviour in a spray may involve a combination of effects. Therefore, data from impacting sprays and
not just from single drop impacts are indispensable for formulating and verifying models. This is also the main
purpose of the present work. The models in this study have been formulated on the basis of average quantifies
of drops in a spray before and after impact (e.g. mean drop diameter, velocity and trajectory).

In general, spray impingement on walls is characterized by the generated secondary spray and the fluctu-
ating liquid wall film. The thickness of the film varies from microns to millimeters, depending on the condition
of impacting spray and the boundary conditions on the target.

Fig. 5 illustrates the origins of secondary droplets: from a splash with disintegrating crowns, from liquid
jetting from the liquid film, or from rebounding droplets. Especially for inertial dominated dense sprays, mul-
tiple finger-like jets ejected from the film are observed and first analyses have been presented by Roisman and
Tropea (2005) to estimate their frequency and size, see also Roisman et al. (2006).

Based on the previous studies, droplets can rebound for relatively low impact energy of the primary drop-
lets. A droplet rebounds from the wall if the surface energy of the droplet at the end of partial spreading is
larger than the kinetic and surface energy of the impacting droplet minus the viscous energy dissipation during
the spreading. Threshold criteria is given by Bai and Gosman (1995) for ‘‘Rebound-deposition’’ as Wenb = 5
(Wenb = qu2d/r; where u is the normal velocity component before impact, q is liquid density and r is the sur-
face tension) based on the result of an isolated single drop impact, or Wenb = 20 for spray impact conditions
based on the observation of Lee and Hanratty (1988) and Ching et al. (1984). Also the observations of Wang
and Watkins (1993) show that rebound occurs only for Wenb < 30. Drop rebound is also observed for oblique
impacts, whereby the threshold criterion is generally considered still valid if only the normal component of
velocity is used in computed the impact Weber number, Sikalo et al. (2005). Especially the effect of impact
obliqueness will be considered in the present study. Indeed, the Weber number ratio (Wetb/Wenb) will be



Fig. 5. Different sources for generation of secondary droplets and formation of liquid film on the wall, secondary droplet ejected from:
(a) splashing droplet; (b) ejected wall film; (c) rebounded droplet.
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shown to be a convenient parameter in which to base a threshold for rebounding (Wetb = qv2d/r, where v is
the tangential velocity component before impact). An exemplary sequence of a rebound in a spray impact phe-
nomena is illustrated if Fig. 6. In this picture, the impact Weber number based on the normal velocity com-
ponent is 10; the impinging angle is 58� and the diameter of the impinging droplet does not change throughout
the impact, i.e., db ffi da (b: before, a: after impact).

Splashing occurs at higher values of the normal impact Weber number, Wenb > 80 and it appears that the
tangential velocity component does not play any important role in the onset of splashing. Observation of
Coghe et al. (1999) shows that each splashing drop generates at least 10 tiny droplets. Physically break-up
of a droplet occurs in the final stage of spreading in which the jetting lamella becomes unstable and generates
a cloud of very small droplets. This occurs when the total energy of a droplet at the final stage of spreading is
larger than its surface energy.

The overall structure of the accumulated wall film consists of deposited droplets and partial deposition part
of splashing droplets, see also Stanton and Rutland (1996). Droplets deposit on the wall when the impact
energy (i.e. Wenb < 2) is extremely low. Partial deposition occurs also at higher impact Weber numbers
30 < Wenb < 80, when portions of the spreading droplet lose their kinetic energy due to dissipation. The upper
limit of impact Weber number for deposition of a droplet without splashing also depends on the some addi-
tional parameters such as surface roughness and average depth of accumulated liquid film on the wall,
e.g. splashing takes place faster for rough surfaces as postulated by Mundo et al. (1998). Also it is shown
by Cossali et al. (1997) that in the case of a single drop impact onto a stationary liquid film, the number of
secondary droplets decreases as the depth of liquid layer is increased. Therefore, the ratio of average wall
roughness to the average primary droplet size (�e� ¼ �e=db, where �e is the average of roughness of the target sur-
face) should be considered if rough or structured surfaces are used. Also the ratio of the average liquid film
Fig. 6. Exemplary sequence of drop rebound in a spray (db ffi da = 172 lm, Wenb = 10, time interval between frames is 0.55 ms).
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thickness accumulated on the wall to the average primary droplet size ð�h� ¼ �h=dbÞ must be considered in the
case of accumulated wall film. For smooth surfaces, the upper limit for deposition-splashing is expressed using
a K-factor (K = Oh Æ Re1.25; where Oh is Ohnesorge number defined as: Oh ¼

ffiffiffiffiffiffi
We
p

=Re and Re is Reynolds
number defined as: Re = qud/l, where l is fluid dynamic viscosity). This limiting criterion can be also taken
from an Oh–Re diagram, see e.g. Mundo et al. (1997). Other splashing parameters, K ¼ f ð�h�Þ have been intro-
duced for thin liquid film conditions, e.g. K ¼ 2100þ 5880 � �h�, see Cossali et al. (1997). Furthermore it seems
that the velocity fluctuations inside the accumulated wall film have an influence on the splashing phenomenon.

In Table 1, four different liquid film regimes are classified based on a threshold Weber number (Weth)
required for the onset of splashing. The value of Weber number required for the onset of splashing is constant
for the case of �h� 6 0:1 (wetted wall) as proposed by Schmehl et al. (1999). The threshold Weber number then
increases monotonically with an increase of the dimensionless film thickness up to �h� ¼ 1 (thin liquid film) and
then decreases until � �h� ¼ 2 (shallow liquid film) and finally takes an asymptotic value corresponding to a
deep liquid layer (deep pool condition). The boundary value �h� ¼ 2 is already considered by Macklin and
Metaxas (1976) for shallow–deep liquid film boundary condition. This classification has been postulated based
on the measurement data obtained by Wang et al. (2002), for 70% glycerol–water solution.

For the deep film condition (i.e., �h� > 2), the inertia dominated impacting droplet creates a crater in the
liquid film leading to bubble entrainment inside the film and formation of an uprising central jet. This phe-
nomenon is well known and described in the case of a single droplet impact onto a stationary deep liquid layer
by Ogüz and Prosperetti (1990) or Fedorchenko and Wang (2004).

Fedorchenko and Wang (2004) have used the dimensionless capillary length ðl�C ¼ ½2r=ðqgÞ�1=2
=d0Þ to

define two asymptotic conditions describing the central jet phenomenon, as summarized in Table 2. In this
Table, R�max, h�jet, d�jet and u�cj denote respectively the dimensionless maximum cavity radius and height and
the diameter and velocity of the uprising central jet created after the cavity recedes. Each parameter is normal-
ized using the drop size or velocity before impact (i.e., h�jet ¼ hjet=d0 or u�cj ¼ ucj=u0). In the case of a normal
single droplet with a relative small impact velocity, the first condition ðl�C � 1Þ applies, whereas the second
condition ðl�C 	 1Þ is mostly important for spray impact phenomena. Results presented in Table 2 indicate
that gravity docs not play an important role in the formation md dynamics of uprising control jets in the case
of l�C 	 1. The coefficient ci in Table 2 is given by Fedorchenko and Wang (2004) as 2.75. In the conducted
experiments used in this study, l�C varies in the range 80 6 l�C 6 180.

The foregoing survey of literature and phenomenological characterization of spray impact leads us to two
fundamental conclusions: Modelling spray impact must consider also the presence and influence of the accu-
mulated wall film; Models based solely on the impact of single droplets will miss many essential elements of
Table 1
Classification of film thickness formed on the wall due to spray impact (Oh = 0.038)

Dimensionless film
thickness ð�h�Þ

Wall film
condition

Variation of threshold Weber number
for onset of splashing

Correlation Weth

�h� 6 0:1 Wetted wall Constant �480–500
1:0 < �h� 6 1 Thin liquid film Increasing 1366�h� þ 354
1 < �h� 6 2 Shallow liquid film Decreasing � 1657�h��0:54

�h� > 2 Deep liquid layer Constant (asymptotic value) �1100

Table 2
Asymptotic values for characterization of cavity and uprising central jet

Non-dimensional capillary length l�C � 1 l�C 	 1

R�max (Fr/3)1/4 
1
h�jet 1.43Fr1/4 
3/8
d�jet 0.57Fr1/4 
8/3
u�cj 0:913c1

� Fr�3=8 1:618c1
� We�1=2
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spray impact. These conclusions are motivation to formulate models derived from spray impact data obtained
under controlled boundary conditions; hence also the motivation to perform such experiments.
2. Experimental set-up

The experimental arrangement used in this work is pictured in Fig. 7. The water spray was created using
two different hollow cone (pressure swirl) nozzles from Delevan and two different full cone nozzles from
Spraying System Co., operated at pressures between 3 and 7 bars. The chosen hollow cone nozzles produce
a spray angle of about 70� at a flow rate of 1 or 1.5 l/h. Both flow rate and pressure were variable and mea-
sured. The targets were also varied, using the end face of a steel cylinder (D = 5 and 15 mm diameter) and a
94 mm diameter steel sphere. This target boundary condition affects the accumulation of the liquid film on the
target.

The nozzles were placed at (Xnozzle = �15, �20, �30, �40 and �50 mm) above the target and varied in
displacement from the target central axis on the target diameter. The coordinate system used for the measure-
ment grid is shown in Fig. 8a.

To characterise the spray a dual-mode phase Doppler instrument from Dantec Dynamics was used, com-
prising a transmitting optics with a 400 mm focal length, a receiving optics with a 310 mm focal length, an ‘‘A’’
type mask and a 34� scattering angle. By using a dual-mode configuration both normal and tangential
velocity components of each individual droplet and its diameter were measured 1 mm above each target
Fig. 7. Photograph of the experimental set-up for spray impact studies, showing the CCD camera and the phase Doppler measurement
system.

Fig. 8. (a) Coordinate system, and (b) nomenclature for impinging and ejecting droplets.
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(i.e., x = �1 mm). The ingoing and outgoing droplets are distinguished using the sign of the velocity compo-
nent normal to the target, i.e. positive u denotes an impacting droplet and a negative u denotes a secondary
droplet, see Fig. 8b.

The overall size distributions were corrected for the size dependent detection volume cross-section using the
standard system software. In these experimental results, each single point corresponds to averaging 7000–
20,000 samples, e.g. d10 is defined as: d10 ¼ ð

PN
i¼1diÞ=N , where N is number of acquired data at each single

measurement point.
The thickness of the liquid film created under spray impact has been estimated based on multiple images

obtained by using a Sensicam CCD camera (Fig. 7). Another high-speed camera with 32,000 fps has been used
to follow the deposited or ejected droplets from the wall, as shown for two exemplary cases in Figs. 3 and 6.

Surface roughness of the rigid targets has been characterized by means of a mechanical profile meter from
Hommelwerke Co., type TK300. Mean roughness (Ra or �e) of the target surfaces used in this study
(Ra ¼ 1

lr

R lr
0
jxðzÞjdz, where lr is the measured length on the target surface) varied in the range

0.2 lm < Ra < 0.67 lm, whereas mean peak-to-valley roughness (Rz) of the used targets varied in the range
1.3 lm < Rz < 6.6 lm (Rz ¼ 1

N

PN
i¼1xti, where N is number of the measured points on the target surface), see

Fig. 9a and b. In this study, the relative surface roughness in comparison to the mean measured drop size
or average accumulated wall film thickness was negligible, see Table 3.

2.1. Effect of target position

Two exemplary single-point measurements of drop diameter count with and without the target are pre-
sented in Fig. 10, which illustrate the effect of target position on the probability density distribution of the
primary droplet sizes. In the first case, a 5 mm cylindrical target was placed at the centerline of the spray,
20 mm under the nozzle exit (Fig. 10a). In the second case (Fig. 10b) the measurement position is moved
15 mm off-axis. These two measurements differ significantly, indicating clearly the influence of the carrier flow
on the measured drop size number density distribution.

The range of measured quantities obtained in the present study is summarized in Table 3.
Fig. 9. (a) Mean roughness (Ra or �e), and (b) mean peak-to-valley roughness (RZ) of the target surface.

Table 3
Summary of the measured range of quantities

Measured quantity Unit (SI) Before impact After impact

Droplet size (mean) lm 21–47 24.5–50
u-velocity m/s 0.5–15.5 0.5–3.1
v-velocity m/s 0.05–4.8 0.2–4.15
Weber – 2–167 6.5–13
Reynolds – 10–560 12–180
Droplet angle (h) (�) 1–70 42–82
Average film thickness ð�hÞ lm – 8–107
Mean roughness (Ra) lm 0.2–0.67 –
Mean peak-to-valley roughness (RZ) lm 1.3–6.6 –
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3. Results and discussion

The goal of the present study is to formulate an empirical model of spray impact, taking into account the
most influential governing factors, in particular the influence of the liquid film. Measurement data has been
considered for a wide range of impact parameters and boundary conditions. Although it is not feasible to pres-
ent all of the measurement data, the correlations presented will be derived from the entire data set. Therefore
in the following sections exemplary measurements of the different spray characterizing quantities will be pre-
sented in order to illustrate the origins of the model correlations.
3.1. Distribution of droplet size

Some typical measurement results of drop size distributions are presented in Fig. 11, in which the proba-
bility density distributions for the primary and secondary droplet sizes are shown for four measurement
points. These points differ significantly in the computed ejected mass fraction, given as km (km ¼ _ma= _mb,
ejected mass to impinging mass). This particular comparison has been chosen to illustrate that the number
density of ejected drops can be higher for a lower mean Weber number of the impacting droplets, but that
the ratio kWeb = Weth/Wenb is so very influential, Fig. 11a and b correspond to normal impact conditions
(kWeb < 0.1), whereas Fig. 11c and d illustrate results for oblique impact conditions (kWeb P 0.1), as will be
discussed in more detail in Section 3.5.

A further result in Fig. 12a shows that the average secondary droplet size (d10a) increases slightly with
increasing impact droplet size (d10a ¼ ð

PN
i¼1daiÞ=N , where N is number of acquired samples at each single mea-

surement point). The average drop size ratio (secondary to impacting drop size) falls within the fairly narrow
range 0.8 < kd10 < 1.2 over all measurement positions and operating conditions as indicated in Fig. 12b. This
ratio consistently decreases with increasing Weber number (Wenb) based on the normal component of velocity
before the impact. A linear correlation can be used to describe this dependency, as
kd10 ¼ d10a=d10b ¼ �0:003 � Wenb þ 1:2 ð3Þ
where d10a and d10b are the arithmetic mean droplet diameters of ejected droplets and impinging droplets,
respectively.
3.2. Distribution of velocity

In Fig. 13 the velocity of ejected droplets is compared with the velocity of the impacting droplets for each of
the normal and tangential components for one specific spray condition, albeit very representative of other
operational conditions. These velocities are shown as a function of measurement position above the target
and for a single position of the nozzle. The results indicate clearly that the normal component of velocity
for ejected droplets never exceeds about 3 m/s and this is valid for all experiments conducted in this study,



Fig. 11. Probability density distribution of primary and secondary droplet sizes for four measurement points; solid line: before impact,
dashed line: after impact.
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despite the fact that the impingement velocity extended beyond 11 m/s. Perhaps even more interesting is that
this magnitude is very poorly correlated with the normal component of impingement velocity (Fig. 13a). On
the other hand the tangential component of ejection velocity behaves quite differently. Not only does the
ejected magnitude sometimes exceed the impingement magnitude (e.g. 0 [ 2z/D [ 0.5), the two are also very
closely correlated with one another. Clearly the tangential momentum is conserved to a large extent upon
impingement, whereas the normal momentum is dissipated or diverted into the tangential momentum. Any
model describing the spray impingement must reflect such observations.

The results show that the ratio of the normal component of velocity (ua/ub) decreases with increasing Weber
number (Wenb) based on the normal component of velocity before the impact (Fig. 14a), but the ratio of
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tangential component of velocity (va/vb) is independent of the impact Weber number (Fig. 14b). The ratio
(ua/ub) falls in the range 0.15 < (unb/una) < 0.5 for Wenb > 10. A general correlation for normal component
of velocity can be written as
Fig. 14
compo
ua=ub ¼ �1:1 � ðWenbÞ�0:36 ð4Þ

On the other hand, a linear correlation between the tangential component of velocities before and after impact
was found for all measurement conditions as
va ¼ 0:862 � vb � 0:094 ð5Þ

as illustrated in Fig. 14c.
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3.3. Trajectory of secondary droplets (ejection angle of secondary droplets)

The ejection angle of the droplets depends strongly on the impingement angle, as shown in Fig. 15a, A cor-
relation of these results yields:
ha ½�� ¼ 0:623 � hb ½�� þ 41� ð6Þ

The correlation expressed in Eq. (6) indicates that the ejection angle of secondary droplets is on average much
higher than that of primary droplets. This is consistent with data presented in Section 3.2 for the normal and
tangential velocity components since
ha ¼ tan�1ðva=uaÞ ð7Þ

In non-dimensional terms the ejection angle dependence on impact Weber number can be expressed as
g ¼ tan ha= tan hb ¼ 0:784We0:36
nb ð8Þ
This functional dependence is illustrated in Fig. 16 and shows that the ejection angle of droplets is almost
always larger than the impingement angle.

Note, that if any one measurement point is examined in more detail, no significant dependence of ejection
angle on droplet diameter can be observed, as exemplary shown in Fig. 15b. Only for very small droplets is a
small increase in impingement and ejection angle observed (i.e., db < 20 lm).

3.4. Distribution of the ejection Weber number

The previous results can also be examined in terms of Weber number before and after the impact, in this
case computed using the velocity magnitude. Such a diagram is shown in Fig. 17, in which the Weber number
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Fig. 16. Coefficient of ejection angle of secondary droplets.



Fig. 17. Weber number of ejected droplets against impact Weber number.
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of ejected droplets first increases with increasing impact Weber number, but then after reaching a maximum
value, again decreases. In this representation three regimes can be identified: first a low impact Weber number
range (Wenb < 20) in which the rebounded droplet increases with increasing the Weber number (region I in
Fig. 17). This is followed by deposition range (20 < Wenb < 80), in which the deposition rate is high and fewer
secondary drops are ejected (region II in Fig. 17), and finally at high Weber numbers Wenb > 80. a condition of
splashing or ejected wall film, in which the secondary droplets ejected from splashed corona are small and also
the velocities are small, leading to lower ejection Weber numbers (region III in Fig. 17). The Weber number 80
is often found in the literature as a limit for splash onset, see e.g., Bai and Gosman (1995).

At any single measurement point, the impact Weber number increases linearly with mean droplet diameter,
whereas the ejected Weber number at first increases with diameter (up to db 
 20 lm) then does not change
significantly or decreases, as illustrated in Fig. 18a and b.

3.5. Distribution of secondary to incident mass and number ratios

The total secondary-to-incident mass ratio ðkm ¼ _ma= _mbÞ is affected by several complex parameters such as
droplet Weber number based on the normal component of impact velocity (Wenb), impact Weber number
ratio (Wetb/Wenb), impact Reynolds number (Renb; where Renb = qubd10b/l), relative wall roughness
ð�e� ¼ �e=dbÞ aid relative wall film thickness ð�h� ¼ �h=dbÞ; hence a general correlation for mass ratio is difficult
to derive. Generally, the overall secondary-to-incident mass ratio ðkm ¼ _ma= _mbÞ at any one point can be
expressed in dimensionless form as
F

km ¼ ð _ma= _mbÞ ¼ f Wenb; kWeb
;Reb;�e

�; �h�
� �

ð9Þ
Based on previous experimental observations reported by Bai and Gosman (1995), km takes a random value
in the range [0.2,0.8] for spray impact onto a dry wall and [0.2,1.1] for spray impact onto a wetted wall.
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The result of the present study indicates that the Weber number ratio, Wetb/Wenb, which compares the ratio
of the square of the tangential velocity to the normal velocity before impact, plays an important role in the
spray–wall interaction phenomena, see also Kalantari and Tropea (2005). As an example, the mass and
number ratios (km ¼ _ma= _mb, kN = Na/Nb) correlate with this Weber number ratio better than with the normal
component of impact velocity in the Weber number (Wenb), at least for the oblique impact condition and rel-
atively constant film thickness. To illustrate this, kN is plotted together with Wenb (Fig. 19a), and with
kWeb
¼ Wetb=Wenb (Fig. 19b) for the same data set across the impact target (D = 15 mm). The impact oblique-

ness changes in the approximate range 0� < h < 26� over the z-positions shown in Fig. 19a and b. It can be seen
that in the latter case that the two quantities exhibit a very similar behaviour, indicating a strong correlation.
This result indicates clearly that the spray–wall interaction models based on the results from normal drop
impact alone cannot adequately describe the actual conditions of spray impact phenomena. The quantity
km behaves similarly.

Generally, in an oblique impact condition the secondary-to-incident mass ratio (km) decreases with the
impact Weber number based on the normal component of velocity (Wenb), but increases with the impact
Weber number ratio ðkWeb

Þ. In the case of a normal impact condition, the quantity km increases with the
impact Weber number based on the normal velocity component. Therefore two different impact conditions
can be defined as:

• Normal impact: kWeb
¼ Wetb=Wenb < 0:1, for which no significant dependency between secondary-to-inci-

dent mass ratio (km) and impact Weber number ratio ðkWeb
Þ was observed, Fig. 20a.

• Oblique impact: kWeb
¼ Wetb=Wenb P 0:1, for which the secondary-to-incident mass ratio (km) increases with

impact Weber number ratio ðkWeb
Þ, Fig. 20b.
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condition kWeb
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In the case of normal impact ðkWeb
< 0:1Þ, the secondary-to-incident mass ratio (km) mostly falls in the

range [0.002,0.85], whereas this ratio falls in the range [0.016,1.12] for oblique impact conditions
ðkWeb

P 0:1Þ. The upper limit of the mass ratio in the case of oblique impact (i.e., km = 1.12) clearly indicates
that for some conditions more liquid mass is ejected from the wall film than impacts with the drops, at a given
measurement point on the target surface.

For all of the conducted measurements, the two limiting values, km > 1 and km < 0.01 were observed for
oblique and normal impact conditions, respectively, see Fig. 20a and b.

The results of this study indicate that in the case of normal impact conditions ðkWeb
< 0:1Þ, the secondary-

to-incident mass and number ratio, km and kN, increase linearly with the impact Weber number based on the
normal component of the impact velocity (Wenb)
Fig. 22
norma

Fig. 21
compo
km ¼ ð _ma= _mbÞ ¼ 6:74� 10�3 � Wenb � 0:204 ð10Þ
kN ¼ ð _N a= _N bÞ ¼ 2:16� 10�3 � Wenb þ 8:96� 10�2 ð11Þ
These correlations were derived using all conducted measurements in the range 35 6Wenb 6 165 and
kWeb

< 0:08, Fig. 21a and b.
In the case of oblique impact condition ðkWeb

> 0:1Þ, the secondary-to-incident mass and number ratio
(km,kN) behave quite differently. These two quantities km and kN decrease with the impact Weber number based
on the normal component of the impact velocity (Wenb) and increase with the impact Weber number ratio
ðkWeb

Þ, see Figs. 20b and 22a and b. In contrast to the results presented in Fig. 21a and b for normal impact
condition, larger secondary-to-incident mass and number ratios can be observed for smaller impact Weber
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numbers in the case of an oblique impact condition, as illustrated in Fig. 22a and b. This is due to a larger
impact Weber number ratio ðkWeb

Þ at smaller impact Weber numbers (Wenb) for oblique impact conditions,
see also Fig. 20b. Note that in the case of oblique impact conditions, the impact Weber number ratio simulta-
neously increases with decreasing impact Weber number based on the normal component of impact velocity.

In summary, a dilemma in modelling arises, since for oblique impact the outcome depends on both Wenb

and kWeb
. To capture both dependencies would require a much deeper insight into the physics involved and

probably much more data, whereby it is not at all clear that the reliability of the resulting correlations would
improve. In the present work both possibly correlations have been examined and the most favourable are
expressed in terms of Wenb as:
Fig. 23
image
km ¼ ð _ma= _mbÞ ¼ 35 � We�1:63
nb ð12Þ

kN ¼ ð _N a= _NbÞ ¼ 7:1 � We�1:14
nb ð13Þ
These expressions were derived using all conducted measurements in the range 10 < Web < 160 and
0:1 < kWeb

< 0:86 which are pictured in Fig. 22a and b. These expressions are valid for smooth target surfaces,
i.e., �e� ¼ �e=db � 1. The average thickness of accumulated wall film for these measurements is described in the
following section.
3.6. Average film thickness

Parallel to the drop measurements using the phase Doppler technique, visualization of the liquid film on the
target was performed in order to estimate the average thickness of the liquid film. Such visualization and its
evaluation are pictured in Fig. 23. The average film thickness was then calculated by averaging several instan-
taneous film thicknesses obtained by the high-speed CCD camera. In the experiments reported above, the
mean film thickness varied in the range 8 lm 6 �h 6 107 lm for corresponding impingement Weber numbers
in the range 10 < Wenb < 160.

The average film thickness depends on the several parameters of impacting spray; normal and tangential
component of impact velocity ub and vb, flux density of impacting spray ( _q ¼ q=A; ‘‘q’’ and ‘‘A’’ to be flux
of the impacting spray and the reference area over which flux is measured), volume-averaged diameter of
impacting droplets (d30b), dynamic viscosity of the liquid used in spray (l) and also the boundary condition
of the target; average target surface roughness ð�e�Þ and target size (D) and shape. A general expression for the
average film thickness can be written as
�h ¼ w u; v; d30b; _q; l;�e�;Dspray=D
� �

ð14Þ
where, Dspray is the diameter of the effective impinging spray on the target defined as: Dspray = 2xNozzle Æ tan(a/2),
a is the spray cone angle. The parameters u, v, d30b, _q and Dspray vary with nozzle pressure and nozzle height
. Thin liquid film formed under spray impact: (a) original image of CCD camera with interface contour added, and (b) synthesized
to be integrated yielding the average film thickness.
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above the target. The three first parameters may be combined into an impact Weber number. The volume
averaged droplet diameter, d30b, is defined as:
Fig. 24
for a s

Fig. 25
height
d30b ¼ 3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN

i¼1

d3
bi

vuut ð15Þ
Results of this study indicate that the average film thickness decreases with increasing the nozzle pressure at
a given nozzle height, Fig. 24a. In Fig. 24b the variation of the measured average film thickness ð�hÞ as a func-
tion of impact Reynolds number based on the normal component of velocity is presented for a relative neg-
ligible surface roughness and a normal impact condition, i.e., the impact Weber ratio was negligible
ðkWeb

6 0:023Þ. It is shown in Fig. 24b that the average film thickness decreases significantly with the impact
Reynolds number in this experiment. A simple correlation for variation of the average film thickness as a func-
tion of impact Reynolds number can be expressed as
�h=d30b ¼ a � Re�b
nb ð16Þ
The coefficients a and b were found to be 22149 and 1.769, respectively, based on the measured data in this
study for a stainless steel target with 5 mm in diameter (D = 5 mm), negligible surface roughness (�e� � 1
and �e� � �h�) and normal impact condition ðkWeb

6 0:023Þ, see also Kalantari and Tropea (2006).
Two exemplary results of the average film thickness ð�hÞ together with the impact Weber number (Wenb),

mass ratio (km) and flux density ð _qÞ are illustrated in Fig. 25a and b as a function of nozzle height (x) for
two different nozzle pressures (3 and 6 bar) for a stainless steel target with diameter of 5 mm (D = 5 mm).
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normalized by the volume averaged droplet diameter before the impact (d30b).
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It should be noted that both impact Weber number and flux density of impacting drops decrease with the
nozzle height. It is shown in this figure that decreasing the impact Weber number yields an increase the accu-
mulated wall film thickness but decrease of the secondary-to-incident mass ratio (km). The same behaviour was
observed for the secondary-to-incident number ratio (kN). Note that in the conducted experiments, the entire
target surface was exposed to the impacting spray, i.e., Dspray/D > 1.

In the case of an inertial spray impact, i.e. We=
ffiffiffiffiffiffi
Re
p

	 1 (see also Pasandideh-Fard et al., 1996) and using
the dimensional analysis equation (14) for characterizing the average film thickness accumulated on the wall
due to spray impact, the following find expression can be derived:
�h ¼ n � d30b � Re�1=2
b � _q

�ub

� �c

ð17Þ
where n and c are constant values found to be 4 and �0.5, respectively. These constants have been found based
on the measured data in this study for normal impact condition ðkWeb

6 0:023Þ, see also Kalantari and Tropea
(2006).

The prediction capability of the dimensional analysis Eq. (17) is presented in Fig. 26. In this figure each
individual average film thickness ð�hÞ is normalized by the volume averaged droplet diameter before the impact
(d30b). The results presented in this figure indicate good prediction of the average film thickness obtained from
dimensional analysis.

4. Conclusions

From these experiments some general conclusions and quantitative experiments about the mean statistics of
ejected drop properties as a function of impinging spray properties can be obtained. The quantitative exper-
iments are summarized in Table 4, which are valid for the following experimental conditions:

• Smooth target surface, i.e., negligible surface roughness (�e� � 1 and �e� � �h�).
• The entire target surface exposed to the impacting spray, i.e., Dspray/D > 1.
• The accumulated wall film thickness in the range 8 lm 6 �h 6 107 lm.
• Impingement Weber number in the range 10 < Wenb < 160, based on the normal component of velocity

before the impact.
• Fluids with low viscosity, i.e., Oh� 0.1.

Some of the more important general observations are given in the points below.

• The average drop size ratio kd10 (ejection to impingement) decreases with increasing Weber number based
on the normal component of velocity before the impact (Wenb).



Table 4
Summary of the empirical model for spray impact onto flat and rigid walls

Parameter General correlation Coefficients Correlation
coefficient

Normal component of velocity (m/s) ua=ub ¼ �a � ðWenbÞ�b1 a1 = 1.1
b1 = 0.36

0.65

Tangential component of velocity (m/s) va = a2 Æ vb + b2 a2 = 0.862
b2 = 0.094

0.93

Droplet trajectory angle (deg) ha = a3 Æ hb + b3 a3 = 0.623
b3 = 41

0.80

Mean droplet size (lm) d10a/d10b = �a4 Æ Wenb + b4 a4 = 0.003
b4 = 1.2

0.90

Mass ratio (normal impact, kWeb
< 0:1) km = (ma/mb) = a5 Æ Wenb + b5 a5 = 6.74 · 10�3

b5 = �0.204
0.89

Mass ratio (oblique impact, kWeb
P 0:1) km ¼ a6 � We�b6

nb a6 = 35,
b6 = 1.63

0.72

Number ratio (normal impact, kWeb
< 0:1) kN = (ma/mb) = a7 Æ Wenb + b7 a7 = 2.2 · 10�3

b7 = 8.96 · 10�2
0.64

Number ratio (oblique impact, kWeb
P 0:1) kN ¼ ðNa=NbÞ ¼ a8 � We�b8

nb a8 = 7.1
b1 = 1.14

0.70

Average accumulated wall film thickness ð�hÞ �h ¼ a � d30b � Re�1=2
b � _q

�ub

� �c
n = 4
c = �0.5

–
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• The normal component of velocity after the impact does not correlate well with the normal velocity com-
ponent of the impinging droplet, while the tangential component of the ejected droplets correlates closely
with the impingement tangential velocity.

• With increasing impact Weber number the ejection Weber number at first increases and then after reaching
a maximum value decreases.

• At each measurement point, the impact Weber number increases monotonically with impact droplet size,
while the ejection Weber number at first increases with ejected droplet size and then takes on a relative
constant value.

• The mean reflection angle of ejected droplets strongly depends on the mean incident angle of impinging
droplet, although no significant relationship between angle of droplets and droplet diameter can be
observed at any one single measurement point.

• The mean impact Weber number ratio (kWeb = Wetb/Wenb) positively influences the number density of sec-
ondary droplets in the case of a oblique impact condition.

• The mass and number ratios ðkm ¼ _ma= _mb; kN ¼ _N a= _NbÞ exhibit a similar behavior compared with the
Weber number ratio ðkWeb

Þ for oblique impact conditions ðkWeb
> 0:1Þ. This is not true when these ratios

are compared with the normal component of the impingement Weber number (Wenb).
• Two different impact conditions can be distinguished in a spray impact onto a flat and rigid wall: (1) normal

impact: kWeb
¼ Wetb=Wenb < 0:1, with no significant dependency between secondary to incident mass ratio

(km) and impact Weber number ratio ðkWeb
Þ and (2) oblique impact: kWeb

¼ Wetb=Wenb P 0:1, with second-
ary to incident mass ratio (km) increasing with impact Weber number ratio ðkWeb

Þ.
• In the case of normal impact conditions ðkWeb

< 0:1Þ, the secondary to incident mass ratio (km) increases
with impact Weber number based on the normal velocity component (Wenb) whereas this ratio decreases
with impact Weber number in the case of oblique impact conditions ðkWeb

P 0:1Þ.
• In the case of normal impact conditions ðkWeb

< 0:1Þ, the secondary to incident mass ratio (km) mostly falls
in the range [0.002,0.85], whereas this ratio falls in the range [0.016, 1.12] for oblique impact conditions
ðkWeb

P 0:1Þ.
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• Non-dimensional crown radius and height of a splashing droplet in spray impact phenomena have mostly
smaller growth rate in compare with a single or train of drop impact onto a stationary liquid film.

• The average film thickness decreases with increasing the impact Weber number (Wenb) in the case of a nor-
mal impact condition.
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