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Abstract
Spraying systems are of great importance in a range of different technical and industrial applications. Depending on
the operational conditions and the spray structure the produced droplet size spectrum may be largely affected by col-
lisions between droplets. For the purpose of a numerical prediction of spraying processes by the Euler/Lagrangian
approach, reliable models are required for predicting the collision outcome. This is mainly done by using so-called
collision maps to demark the different outcome scenarios by appropriate boundary lines (i.e. bouncing, separation
and coalescence). These boundary lines should be reasonably general including all relevant influential effects, such
as impact conditions, droplet size ratio and liquid properties. Therefore, a variety of detailed experimental studies
on the collision of higher viscous pure liquids and solution droplets were used for developing a model for the bound-
ary line between coalescence and stretching separation. However, the boundary line for bouncing, mostly used in
numerical studies so far was derived based on experiments with ethanol droplets [1]. And it completely neglects
viscous dissipation. Therefore, the deviations for predicting the region of bouncing are quiet large for liquids with
high viscosity or different properties. In this work, a new, more general correlation for the bouncing boundary is de-
rived, which however includes new assumptions and definitions. The new boundary line is based on the studies of
Estrade et al. [1] and Hu et al [2]. The original model has already been included a shape parameter φ′ that actually
also should be dependent of the impact parameter B which reflects the deformation during the collision process.
Moreover, an additional parameter β has included to reflect the degrees of dissipation or the energy conversion
during collision. Both parameters could be linearly correlated with the impact parameter B. The involved slope and
initial values could be very well correlated with the Ohnesorge number and approximated by third order polynomials
which fitted the available experimental results. However, the slopes and initial values are different for pure fluids and
solution droplets. The new bouncing boundary line has been developed based on experimental result by Kuschel
and Sommerfeld [3][4], Pasternak and Sommerfeld [5] [6]. Consequently, the boundary line for bouncing is predicted
more accurately and the trends with changing liquid properties is very well captured.

Keywords
Droplet collision, collision map, bouncing boundary, viscosity effects, energy dissipation

Introduction
In order to model the outcome of droplet collisions with Euler/Lagrangian methods applied to sprays, the well-known
collision maps are used. In this diagram the collision Weber-number(see appendix for definition) is plotted versus
the non-dimensional impact parameter B (lateral droplet displacement upon collision), see Fig. 1, which shows
the outcome of droplets collisions. Those outcomes are bouncing, coalescence, stretching as well as reflexive
separation. However, these collision maps are not universally applicable. The outcomes depend on numerous
parameters, such as liquid properties and droplet size ratio as well as surrounded fluid properties.
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Figure 1. Typical droplet collision map including boundary lines between collision outcomes.
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In order to get more accurate calculation results with the Euler/Lagrangian method, the boundary lines are essential
to be properly correlated with liquid properties and other parameters. Most of them were obtained using an energy
balance for the relevant collision scenario. The boundary between coalescence and reflexive separation may be
properly fitted with the model of Ashgriz and Poo [7] for water droplets, but it is not suitable for liquids with higher
viscosity [8]. The boundary between stretching separation and coalescence is quite often described by using the
models of Brazier-Smith et al [9] and Ashgriz and Poo [7]. Both models do not take account for dissipation during
the collision, droplets deformation and separation process. Only the momentum balance model of Jiang et al [10]
accounts for energy dissipation and hence viscosity effects are included. This model was found to be adaptable for a
range of viscosities when properly adjusting the two included model parameters by Gotaas et al [8]. The experiments
were conducted for glycols with dynamic viscosities between 20 and 50 mPa·s. Similar findings were presented by
Kuschel and Sommerfeld [3] for different solution droplets where the rise of solids content yields growing dynamic
viscosity. Thereby, also an upward shift of the boundary line between stretching separation and coalescence was
found, which could be characterized by a characteristic movement of the triple point. A generalized modelling of
boundary lines between the different collision scenarios was first attempted in a follow-up research paper [3] by using
a structure parameter describing transition phenomena in fluid flows. The lower boundary for bouncing was derived
by Estrade et al. [1] based on experimental studies with Ethanol droplets. However, similar with the boundary
generated by Ashgriz and Poo [7], this boundary line has not included the viscosity dissipation. In this paper, The
new bouncing boundary line has been developed based on experimental result by Kuschel and Sommerfeld [3] [4]
Pasternak and Sommerfeld [5].

Results and discussion
The new boundary line for bouncing is based on Estrade et al.[1] and Hu et al. [2]. Then, in order to include viscous
dissipation, a new parameter called conversion rate β is introduced, with consideration of viscous dissipation.
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Eq.(3) considers the entire droplet volume, instead of the interaction region of colliding droplets in the model of
Estrade [1].
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From the definition of surface tension energy, the surface energy can be expressed as below.

SEin = σπ(d2s + d2l ) = σπd2l (1 + ∆2) (5)

The conversion rate β is defined as the percentage of energy that does not convert to surface energy at maximum
deformation during droplets collision.

KEin + SEin = SEmd + (KEmd + V DE) = SEmd + βKEin (6)

From experimental observation, all the initial kinetic energy is converted to surface energy and viscous dissipation
energy (KEmd=0) at the moment of maximum deformation when it is head-on collision (at B=0), due to the deforma-
tion of droplets. However, with impact parameter B increasing, the deformation of droplets would become smaller.
Then the viscos dissipation and the surface energy at maximum deformation would also be less. On contrast, when
the impact parameter is less than 0.3, the remaining kinetic energy would be larger, which would explain the tra-
jectory of droplets, the upper limit of reflexive separation boundary line from Ashgriz et al. [7], the collided droplets
would bounce away and make reflection. While the impact parameter is larger than 0.3, for bouncing, the droplets
would generally continue their trajectories. The effect of the rotational motion of droplets could be neglected.
As shown in Fig. 2 [1], bouncing occurs when hs 6 φrs and hl 6 φrl, where φ is defined as the ratio hs/rs or hl/rl
beyond where coalescence or separation occurs. These conditions and the mass conservation of the two droplets
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Figure 2. Model of droplet deformation when bouncing according to experimental observations.[1]

We =
(1 + ∆2)(1 + ∆3)(−12 + 4φ′)

(1−B2)(1− β)∆2
(9)

After the observation of the results from experiments, it is obvious that the shape parameter φ′ is not constant for
droplet collisions with different impact parameter B. Not only the relative velocity, but also the liquid properties would
have effect on it, for example, liquids with larger viscosity are harder to deform. And according to the definition of φ
and φ′, the range of them should be larger than 2 and smaller than 3, respectively.
For β, it contains 2 parts, one is the kinetic energy remaining in the droplets, another is the viscous dissipation
energy. In experimental research of Jiang et al. [10], for the lower limit of B(B=0) and at maximum deformation
condition, it is discovered that about 50% of the total energy is lost, due to viscous dissipation. And at the mean
time the relative velocity is 0, which means there is no remaining kinetic energy in the droplets. Consequently, the
conversion rate (β = 0.5) for droplets at head-on collision B = 0 can be accepted. Furthermore, the upper limit
of impact parameter B=1, there is no kinetic energy converted to surface energy, then the conversion rate β = 1.
Moreover, parameter β would also be influenced by liquid properties. Thus, Ohnesorge number(Oh) is introduced
as a relevant parameter.

Assumption
For both φ′ and β, it is assumed that they are linearly related with the impact parameter B. The shape parameter φ′

decreases down to the lower limit 3 according to the definition of shape factor. And β increases to the upper limit
0.5. This results,

φ′(B) = −kφ′(Oh) ∗B + φ′initial(Oh) (10)

β(B) = kβ(Oh) ∗B + βinitial(Oh) (11)

The initial shape parameter φ′initial and conversion rate βinitial are interceptions of their profile versus Oh, which
represents the moment of maximum deformation. According to the results of pure liquid and solutions [3][4] , the
correlations are generated. As shown in Fig. 3, from the correlation of φ′ and β, it is obvious that the shape
parameter φ′ performs differently in pure liquids and solutions. But the conversion rate β is not. The data for both
liquids follow the same trend.{

kφ′,pureliquid = −30.98Oh3 + 20.40Oh2 − 4.95Oh+ 0.77
φ′initial,pureliquid = −33.41Oh3 + 23.18Oh2 − 5.81Oh+ 3.9

(12)

{
kφ′,solution = −2.8Oh3 + 3.59Oh2 − 1.35Oh+ 0.21
φ′initial,solution = 14.3Oh3 − 5.43Oh2 − 0.39Oh+ 3.31

(13)

βinitial =

{
23.97Oh3 − 19.50Oh2 + 5.07Oh+ 0.08 Oh 6 0.15
βinitial = 0.5 Oh > 0.15

(14)
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Figure 3. The values of the shape parameter φ′ and the conversion rate β extracted from the experiment with suggested
polynomials
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f) FVA1 23oC
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Figure 4. Measured collision outcome in the B-We diagram for different liquids[4][3].
(Blue Dashed dotted line model of Estrade[1], Magenta continuous line model of new equation.)

Collision Maps
With respected to the collision maps, there are 4 groups of experimental data considered with, portion of which
are shown in Fig. 4. All these data come from Sommerfeld and Kuschel [3] [4]. Group A,B,C,D are pure liquid of
alcohols, the pure liquid of FVA in different temperature, polyvinylpyrrolindone solution PVP K30 5-25Ma% solution
and Saccharose 20-60Ma% solution respectively. All these liquids covers a range of dynamic viscosity from 1 to 60
mPa · s. The experiments were conducted under air pressure 1 bar. Detailed properties are summarized in Table.
1.
The new bouncing boundary shows much better corresponding compared with the previous study [1]. While in
lower bouncing region (We<30), it shows more curvature considering viscous dissipation; in higher bouncing region
(We>60), the viscosity dissipation is minor, which also fit the experiment results better. It should be noted, all the
experiments data in this paper only consider a size ratio of ∆ = 1. Further research would be continued on the
effect of different size ratio.
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Conclusions
A predictive model is suggested for the determination of the boundary line for bouncing in droplet collisions. This
model is based on the energy balance approach with the idea of included a term for viscous dissipation energy.
The involved model parameters are adapted according to experimental observations using correlations with the
Ohnesorge number, which depends on the liquid properties and droplet size only.
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Nomenclature

KEin Initial kinetic energy KEmd Kinetic energy at maximum deformations
SEmd Surface energy at maximum deformation SEin Initial surface energy
V DE Viscosity dissipation energy ρl Fluid density [kg/m3]
ds, dl Droplet diameters, small, large [m] φ The ratio hs/rs or hl/rl
urel Relative velocity upon collision [m/s] β Converted rate
us, ul Droplet velocity, small, large [m/s] φ′ The shape parameter
µ Dynamic viscosity [mPa·s] σ Surface tension [N/m]
θ Droplet collision angle °

Appendix
The definitions of the relevant non-dimensional parameters to describe binary collisions of liquid droplets with iden-
tical viscosity as well as to create the collision maps are given below:

Reynolds number Re: Re =
ρdsurel
µ

Collision Weber number We: We =
ρdsu

2
rel

σ

Impact parameter B: B =
2b

ds + dl
= sinθ

Capillary number Ca: Ca =
µ

σ
urel =

urel
urelax

Ohnesorge number Oh: Oh =
µ√
ρσds

Droplet size ratio ∆: ∆ =
ds
dl
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Table 1. The parameters of experiment liquids

Oh φ′initial kφ′ βinitial kβ

Ethanol 0.0150 3.8 0.68 0.15 0.9
Propanol 0.0240 3.75 0.65 0.15 0.9
Hexanol 0.0490 3.7 0.61 0.3 0.7
Heptanol 0.0813 3.55 0.47 0.4 0.6
Nonanol 0.1405 3.45 0.4 0.5 0.5
Dodecanol 0.1656 3.4 0.35 0.5 0.5
FVA1 100°C 0.0364 3.725 0.63 0.1 0.9
FVA1 90 °C 0.0417 3.725 0.64 0.2 0.8
FVA1 70 °C 0.0581 3.6 0.52 0.3 0.7
FVA1 60°C 0.0718 3.55 0.47 0.4 0.6
FVA1 45 °C 0.1520 3.45 0.4 0.5 0.5
FVA1 23°C 0.2820 3.35 0.3 0.5 0.5
PVP K30 Ma5% 0.0158 3.3 0.2 0.2 0.8
PVP K30 Ma10% 0.0347 3.3 0.15 0.25 0.8
PVP K30 Ma15% 0.0760 3.25 0.14 0.4 0.6
PVP K30 Ma20% 0.1668 3.22 0.12 0.45 0.6
PVP K30 Ma23% 0.2673 3.17 0.12 0.5 0.5
PVP K30 Ma25% 0.3653 3.15 0.07 0.5 0.5
Saaccharose Ma20% 0.0115 3.3 0.2 0.2 0.8
Saaccharose Ma40% 0.0323 3.3 0.18 0.25 0.8
Saaccharose Ma50% 0.0822 3.25 0.12 0.4 0.6
Saaccharose Ma54% 0.1015 3.18 0.08 0.4 0.6
Saaccharose Ma58% 0.2186 3.06 0.02 0.5 0.5
Saaccharose Ma60% 0.2949 3.015 0 0.5 0.5
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