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Abstract 
The dynamics of binary collisions of equi-diameter droplets with non-identical viscosities have been investigated experi-
mentally and compared to previously generated data from identical droplet collisions (Al-Dirawi and Bayly in Phys Fluids 
31(2):027105, 2019). Three hydroxypropyl methylcellulose (HPMC) aqueous solutions, 2%, 4%, and 8% HPMC, were 
used to generate the droplets of different viscosities, 2.8, 8.2, and 28.4 mPa s, respectively. High-speed imaging techniques 
were applied to observe and capture the collision outcomes. Collision outcomes were characterised and regime maps were 
generated. The non-identical viscosity droplet collisions produced regime maps with well-defined boundaries which are 
comparable in shape to the conventional regime maps of identical droplet collisions. The boundaries of the bouncing and 
reflexive separation regimes of the non-identical collisions show intermediate position between the identical cases of the 
low and the high viscosity droplets. However, the boundary of the stretching separation regimes of the non-identical colli-
sions showed good agreement with the boundary of the identical case of the lower viscosity droplet. Moreover, the ability 
of models developed for predicting the regimes boundaries of collisions of identical viscosity droplets was assessed for the 
non-identical collisions. They proved capable in the non-identical cases, and the changes in adjustable parameters were 
consistent with the underlying physical basis of the models.
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Graphic abstract

1  Introduction

Droplet collisions are important to many areas of physics and 
technology, such as atmospheric studies, combustion sci-
ence and spray drying (Ashgriz and Poo 1990; Qian and Law 
1997; Francia et al. 2016; Post and Abraham 2002). In many 
of these areas, the droplet collisions occur between droplets of 
different properties. For example, in spray drying, particulate 
products are produced by spraying solutions or slurries into 
hot, turbulent air in a spray drying tower. During the drying 
process, droplet collisions can occur between droplets of dif-
ferent extents of drying (Southwell and Langrish 2000). These 
collisions and their outcomes can have a significant effect on 
the process operation and on the powder properties, such as 
the size distribution and morphology (Verdurmen et al. 2004). 
Understanding, and predicting the outcome, of droplet colli-
sions of non-identical droplets is, therefore, of great interest 
in this and other areas.

1.1 � Binary droplet collisions theory

In the past few decades, extensive research has been con-
ducted to understand the physics that determines the out-
come of binary droplet collisions. Reviews of the area are 
provided by Orme (1997) and Krishnan and Loth (2015). 
However, the majority of this work concerns collisions 
between droplets that have identical physical properties, and 
only a few studies look at collisions between droplets that 
have non-identical physical properties, e.g., Chen (2007), 
Chen and Chen (2006), Gao et  al. (2005), Focke et  al. 
(2013), Planchette et al. (2010, 2011, 2012, 2017).

To provide the context for the work reported here, this 
section summarises the collision outcomes and regime maps 
observed for collisions of droplets with identical viscosities 
and highlights the effect of viscosity on the collisions. A 
brief summary of the studies of collisions of droplets with 
non-identical fluids is then presented which will highlight 
the gap that motivates this study.

In the literature of binary collisions of droplets that have 
identical physical properties, five distinct collision outcomes 
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have been observed: slow coalescence, bouncing, fast coales-
cence, reflexive separation and stretching separation (Qian 
and Law 1997). These regimes are mapped in the parameter 
space of the impact parameter (B) and the Weber number 
(We), as shown in Fig. 1. The impact parameter represents 
the offset between the colliding droplets. It is defined by the 
normal distance (b) from the centre of one of the colliding 
droplets to the vector of the relative velocity, which is plot-
ted from the centre of the other droplet, normalised by the 
sum of the two droplets radii, Eq. (1), as sketched in Fig. 2. 

Therefore, B has a value between 1 and 0, where 1 indicates 
a grazing collision and 0 a head-on collision:

where ds and dl are the small and the large droplet diameters, 
respectively, in the general case of any size ratio between 
the colliding droplet. The Weber number is the ratio of the 
kinetic energy to the surface energy and it is given by

where � , �, and ur are the droplet fluid density, surface ten-
sion, and the magnitude of the collision relative velocity, 
respectively. In the case of non-identical physical properties 
or diameters, it is necessary to select one of the droplets as a 
reference on which to base the We. In the case of non-equal 
diameters, this is often the smaller droplet diameter e.g., 
Qian and Law (1997); Ashgriz and Poo (1990). (In this work 
ds = dl = d , as only identical droplet size collisions were 
studied, additionally, � , � were also identical.) 

The five distinct collision outcomes are characterised 
as follows. For given droplet materials and sizes the We 
can be considered as an indicator of collision velocity or 
energy.

•	 Slow coalescence: occurs when the two droplets 
approach each other at low We, this allows sufficient 
time for the interfaces to merge without significant 
deformation.

•	 Bouncing: occurs at a higher We than slow coalescence, 
in this case an air film is trapped between the two col-
liding droplets; this prevents the interfaces from being 
close enough to each other for the intermolecular forces 
to merge the droplets. As a result, the droplets deform 
on impact, their kinetic energy is converted to viscous 
loss and surface energy, and then the latter is converted 
back to the kinetic energy of the rebounding droplet 
and viscous loss as the droplets recover to their equi-
librium spherical shape.

•	 Fast coalescence: with increasing We, the inter-droplet 
air film thins to a point, where coalescence occurs at a 
point with significant droplet deformation is observed.

•	 Reflexive separation: occurs at low B (or at near head-
on collisions) at We higher than that of fast coales-
cence. The droplets first merge forming a disc shaped 
droplet, which is a circular lamella bounded by a 
toroidal rim at its highest deformation. The effects of 
surface tension then contract the disc and a reflexive 
internal flow is induced that is strong enough to form 
a cylindrical droplet with its axis perpendicular to the 

(1)B =
2b

ds + dl
,

(2)We =
�u2

r
d

�
,

Fig. 1   Schematic illustration of a typical regime map; reproduced 
from (Al-Dirawi and Bayly 2019), with the permission of AIP Pub-
lishing

Fig. 2   Schematic of the droplet collision geometry that shows the 
definition of the impact parameter and the velocities vectors, repro-
duced from (Al-Dirawi and Bayly 2019), with the permission of AIP 
Publishing
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plane of the disc. This cylinder then breaks up into two 
or more droplets.

•	 Stretching separation: starts at a We slightly higher than 
that of the fast coalescence but at a moderate offset, B. 
The two droplets partially interact and because of the 
momentum of the non-interacted regions the merged area 
is stretched forming a ligament between the two colliding 
droplets that eventually breaks up into satellite droplets.

The reader is also referred to Fig. 4, which shows the 
dynamics of the last four collision outcomes.

In collisions of identical fluids, the effect of viscosity 
was first considered by Jiang et al. (1992); however, it was 
limited to a very narrow range 0.4–3.5 mPa s. Due to the 
importance of understanding collisions at a higher viscos-
ity range in applications like spray drying, more recent 
studies have considered viscosities up to 100 mPa s (Wil-
lis and Orme 2003; Kuschel and Sommerfeld 2013; Som-
merfeld and Kuschel 2016; Finotello et al. 2018b; Gotaas 
et al. 2007). It has been reported that elevating the viscosity 
would shift the boundary of reflexive separation toward high 
Weber numbers, and the stretching separation would drift to 
higher impact parameters (Gotaas et al. 2007; Kuschel and 
Sommerfeld 2013).

While more limited, collisions between droplets with 
non-identical physical properties have also been studied. 
These studies can be divided into two categories: collisions 
between immiscible droplets and collisions between mis-
cible droplets. The experimental and theoretical studies of 
immiscible droplet collisions with non-identical viscosity 
are more numerous, e.g., (Chen and Chen 2006; Planchette 
et al. 2010, 2011, 2012, 2017; Tsuru et al. 2010). However, 
studies of collisions of miscible droplets from unlike flu-
ids are relatively scarce. Chen (2007) and Gao et al. (2005) 
experimentally investigated water, ethanol and diesel colli-
sions; this limited their viscosities to a low range at relatively 
low viscosities (1–3.16 mPa s). Focke et al. (2013) made a 
detailed numerical and experimental study of collisions with 
a high viscosity ratio (2.6 vs. 60 mPa s); however, their study 
was limited to the coalescence regime with a fixed We of 26 
and no regime maps were constructed.

In this work, the role of the viscosity difference between 
the colliding droplets will be experimentally studied, with col-
lision conditions covering the whole regime map, for miscible 
fluids at viscosity range of 2.8–29 mPa s. This paper is struc-
tured as follows. Section 2 will review the existing models that 
aim to predict the regime boundaries for identical droplet col-
lisions. Section 3, will describe the experimental methodology 
and materials used. In Sect. 4, the resulting regime maps will 
be presented and discussed, and the applicability of the exist-
ing models, presented in Sect. 2, to collisions of droplets with 
non-identical viscosities will be examined.

2 � The existing models

The prediction of the regime boundaries for droplet colli-
sions of identical fluids, have received substantial attention 
in the literature and are briefly reviewed here. A composite 
model to predict the regime boundaries will be proposed to 
be applied for collisions of miscible droplets with different 
viscosities.

2.1 � Bouncing

Estrade et al. (1999) were the first to model the boundary of 
the bouncing regime for inviscid droplets, Hu et al. (2017) 
extended this model to allow for viscosity. These models 
are based on the criteria that bouncing occurs if the impact 
kinetic energy does not cause a droplet deformation that 
exceeds a critical deformation limit. This deformation limit 
is set empirically through a shape factor. Although, Estrade’s 
model has been widely used, it was reported in many studies 
that it is not accurate especially in predicting the bouncing 
boundary below the triple point (Kuschel and Sommerfeld 
2013; Sommerfeld and Kuschel 2016; Finotello et al. 2018a, 
b; Al-Dirawi and Bayly 2019). Al-Dirawi and Bayly (2019) 
suggested several improvements and corrections to the mod-
els of Estrade and Hu, for example to the treatment of kinetic 
energy and the shape factor, and alternatively proposed an 
improved model for the boundary of the bouncing regime:

where Δ is the size ratio ( ds∕dl ) in case of collisions between 
droplets that have different sizes, and � is the viscous loss 
factor that represents the ratio of the viscous loss energy to 
the initial impact kinetic energy. The shape factor, �′′

o.s.
 is 

defined by

w h e r e  el =
((
1 −

(
c2
l
∕a2

l

))
∕1 + �B�

)0.5
,  a n d 

es =
(
1 −

(
c2
s
∕a2

s

)
∕1 + �B�

)0.5 . c and a represent the major 
and the minor radii of the spheroidal shape of the droplets at 
the maximum deformation just before the instant of rebound. 
The subscripts l and s are used to differentiate between the 
colliding droplets, as they can be used to set a different 
deformation limit to each droplet which might occur due to 
the difference in the size or/and fluid properties. � and � are 
empirical parameters that are used to capture the effect of the 
shape factor on the deformation limit. Xs and Xl represent the 
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ratio of the interaction region volume of the colliding drop-
lets, which were first reported by Ashgriz and Poo (1990):

and

where

and

2.2 � Stretching separation

Both Ashgriz and Poo (1990) and Jiang et al. (1992) mod-
elled the stretching separation boundary. However, the latter 
was reported to perform better for high viscosity droplet 
collisions (Kuschel and Sommerfeld 2013; Sommerfeld and 
Kuschel 2016; Gotaas et al. 2007). This is because the model 
of Jiang et al. (1992) considers the viscous losses, whereas 
the model of Ashgriz and Poo (1990) was developed for 
inviscid fluids. Therefore, the model of Jiang et al. (1992) 
will be considered in this study.

The model of Jiang et al. (1992) was developed based on 
momentum conservation, assuming that the united droplets 
behave as two circular plates that are sliding on each other. 
The sliding velocity is the component of the relative veloc-
ity that is perpendicular to the line between the two droplets 
centres, while the other component is responsible for the 
deformation. The resistance to the sliding velocity is the 
surface tension forces along the circumference of the plates 
and the viscous loss due to the shearing flow layer between 
the sliding plates (i.e., the droplets). The model is given by

where k is a constant that can be used to fit the model to the 
experimental data. However, subsequently, the model has 
been widely used with two fitting parameters, Ca and Cb , as 
in Eq. (10) (Kuschel and Sommerfeld 2013; Sommerfeld 
and Kuschel 2016; Gotaas et al. 2007; Finotello et al. 2017, 
2018a, b). It should be noted that k in Eq. (9) and Cb in 
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]
,

Eq. (10) are not dimensionless parameters and have a unit of 
(m2 s−2), while Ca is a dimensionless parameter:

Sommerfeld and Pasternak (2019) reported that Cb can 
be fixed and changing only Ca can fit the model to experi-
ments. The authors used a wide range of experiments to 
correlate the optimum Ca with Ohnesorge number (Oh) 
by fixing Cb = 1 (m2 s−2). Ohnesorge number is given by 
Oh = �∕

√
��d , where � and d are the droplet viscosity 

and diameter, respectively. Two polynomial correlations 
( Ca = f (Oh) ) were reported, one for pure liquids, and the 
other for solutions. The latter is applicable to this study, as 
HPMC solutions are used, which is given by

Another approach to predict the boundary of stretching 
separation was reported by Planchette et al. (2012). The 
authors discussed that if part of the kinetic energy is con-
verted into rotational energy as reported by Brazier-Smith 
et al. (1972), there is a need for an effective impact param-
eter, Beff . This is because the droplets suffer strong distortion 
when undergoing off-centre collisions. The set criteria to 
estimate Beff are that Beff tends to B when We tends to 0 and/
or B tends to 1, whereas (Beff − B) increases with We when 
B tends to 0. Based on these criteria, Beff is given by

where U∗ is a fitting parameter, which increases monotoni-
cally with the viscosity.

Planchette et al. (2012) showed that taking a stretching 
separation boundary for high viscosity droplets collisions as 
a reference boundary for Beff , leads to that the boundaries 
of the lower viscosity droplets collapsing on that boundary 
using Beff . Hence, a unified boundary can be used to repre-
sent systems with different viscosities.

2.3 � Reflexive separation

Ashgriz and Poo (1990) have reported an inviscid model to 
predict the boundary of reflexive separation. The model was 
developed based on an energy balance between the kinetic 
energy and surface energy. The criterion of the model is that 
reflexive separation occurs if the combined reflexive kinetic 
energy based on an elastic collision of the two droplets is 
greater than 75% of the surface energy of the coalesced 
droplet. The model is given by

(10)B =
Ca

We0.5

[
1 + Cb

�

�

(
�d

�

)0.5
]
.

(11)Ca = 2.63−7.20 Oh + 7.86 Oh2 + 1.40 Oh3.

(12)Beff = B + (1 − B)
ur

U∗
,
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where

The above model is only valid for inviscid fluids as the 
viscous loss is neglected, it has been shown to give good 
agreement for water and similar viscosity fluids (Som-
merfeld and Kuschel 2016). However, Jiang et al. (1992) 
reported that the onset of reflexive separation at head-on 
collisions ( WeFc/Rs) can be linearly correlated with Oh. The 
Ohnesorge number is often a valuable group for captur-
ing the physics governing the break-up of viscous threads 
(Ohnesorge 1936; McKinley 2005), and the mechanism 
which governs reflexive separation. This encouraged many 
authors to produce empirical correlations ( WeFc/Rs = f (Oh) ) 
to define the onset of reflexive separation at head-on colli-
sion. Qian and Law (1997) used droplets of hydrocarbons 
to produce

Later, Gotaas et al. (2007) reported that for Oh > 0.04 
the correlation is no longer linear and proposed two 
correlations:

Recent studies used these correlations to shift the curve 
of the model of Ashgriz and Poo (1990), Eq. (13), toward 
higher We (Sommerfeld and Kuschel 2016; Finotello et al. 
2018a, b). However, this approach is not always accurate as 
the fittings of WeFC/RS = f (Oh) correlations show consider-
able scatter (Sommerfeld and Kuschel 2016; Finotello et al. 
2018b).

Hu et al. (2017) used the same approach as Ashgriz and 
Poo (1990) but with a different definition of collisional 
kinetic energy for B > 0. They used a spherical cap geometry 
to define the interaction volume rather than a prolate volume 
used by Ashgriz and Poo. They also introduced a viscous 
loss factor �2 , defined as the ratio of the viscously dissipated 
energy to the collisional kinetic energy. This factor is used 
as a fitting parameter to fit the model with the experimental 
data. The model is given by

(13)Wec = 3

[
7
(
1 + Δ3

) 2

3 − 4
(
1 + Δ2

)]Δ(1 + Δ3
)2

Δ6¥1 + ¥2

,

(14)
¥1 = 2(1 − (0.5B(1 + Δ)))2

(
1 − (0.5B(1 + Δ))2

) 1

2 − 1, and

(15)
¥2 = 2(Δ − (0.5B(1 + Δ)))2

(
Δ2 − (0.5B(1 + Δ))2

) 1

2 − Δ3.

(16)WeFC/RS = 17 + 510Oh.

(17)WeFC/RS = 14.8 + 643.1 Oh for Oh < 0.04 and

(18)WeFC/RS = 9309 Oh1.7056 for Oh > 0.04.

where Xs and Xl are given by Eqs. (5) and (6), respectively.
Recently, Planchette et al. (2017) developed a model to 

predict the onset of reflexive separation for head-on colli-
sions, i.e., B = 0 . The model was developed based on the 
analogy between the dynamics of reflexive separation and 
the compression and relaxation process of liquid springs, 
and carefully considers the energy losses during these 
processes. The criterion used for the separation threshold 
(called fragmentation by the authors) is based on a Ray-
leigh-like analysis of the break-up of the cylinder (eighth 
image in the reflexive separation sequence of Fig. 4) formed 
on contraction of the rimmed lamellar disc. The critical 
aspect ratio of the cylinder above which separation occurs 
was determined from experimental data to be �crit ≥ 3 , for 
Oh < 0.1. Two viscous losses are considered by the model, 
a loss in the compression period and a loss in the relaxation 
period. The loss in the compression period is characterised 
by a loss factor a , which is the ratio of the viscous loss in 
the compression period to the initial kinetic energy of the 
droplets ( ��d3u2

r
∕24 ). For a wide range of Oh (0.02–0.15), 

the loss factor a ∼ 0.65 ; however, for Oh < 0.02, a is lower 
and for Oh > 0.15, a is higher. In the early time of the relaxa-
tion period, a factor, q, is proposed to allow for losses. The 
proposed model of the critical collision velocity is given by

where toscill is a characteristic droplet oscillation time given 
by toscill =

√
�d3∕� . Using a pre-factor p = 2.38 , the model 

was shown to give excellent agreement with experimental 
results for Oh < 0.1, and with the loss factor, q, adjusted to 
q = 0.025(1 − a) . The authors also showed that for a ∼ 0.65 , 
the model still shows a reasonable agreement with the exper-
iments, when a pre-factor of p = 2.5 and q = 0 are used.

3 � Experimental methodology

3.1 � The apparatus

The experimental setup is illustrated in Fig. 3. The drop-
lets are generated using custom-made continuous monodis-
perse nozzles. A 152 μm ID nozzle is used in this study, 
which produces droplets size of 360–390 μm. The dynam-
ics of the collisions are captured using high-speed imag-
ing techniques. The four regimes observed in the experi-
ments: bouncing, fast coalescence, reflexive separation and 

(19)Wec =
3
(
7
(
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) 2
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(
1 + Δ2
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)2

Δ2
((
2 − �2

)(
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stretching separation are shown in Fig. 4. Full details of the 
experimental setup, methodology and error analysis can be 
found in our previous work (Al-Dirawi and Bayly 2019).

3.2 � Droplet fluids and experiments

Three different concentrations, 2%, 4% and 8%, of hydroxy-
propyl methylcellulose grade 603 Shin-Etsu Chemical’s 
PHARMACOAT® (HPMC) aqueous solutions were used. 
The rheology viscosity of the solutions was measured in a 

Fig. 3   Droplet collision rig, reproduced from (Al-Dirawi and Bayly 2019), with the permission of AIP Publishing

Fig. 4   Collision outcomes of 
360 μm, 2% HPMC droplets, 
Oh = 0.021
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rheometer (Anton Paar, Physica MCR 301) using a cone and 
plate geometry (75 mm, Angle 1°, and gap 0.149 mm) and 
a linear shear sweep from 1 to 1000 s−1 over 410 s at 20 °C. 
2% HPMC and 4% HPMC solutions showed Newtonian 
behaviour and a constant viscosity over the shear rate range 
tested. On the other hand 8% HPMC showed a narrow shear-
thinning range at the shear rate from 0 to 100 s−1 at which 
the viscosity decreases by 10% then behaved as Newtonian 
fluid from 100 to 1000 s−1. All solutions’ physical proper-
ties, i.e., viscosity, surface tension and density, are detailed 
in Table 1. More details on the methods of measurements in 
our previous work Al-Dirawi and Bayly (2019).

In our previous work (Al-Dirawi and Bayly 2019), regime 
maps, for collisions of identical droplets, were generated 
using the three solutions 2% HPMC, 4% HPMC and 8% 
HPMC. In this study, the same solutions were used but to 
generate regime maps for collisions of droplets with non-
identical viscosities.

In addition to these experiments, some coloured images 
were obtained to help in understanding the dynamics of the 
collisions. This was done by adding ~ 300 ppm of Nigrosin 
water-soluble dye to the higher viscosity droplet to make it 
black while keeping the low viscosity droplet transparent. 
To distinguish between the colours of the two droplets, the 
droplets were lit using a front light and a white background 
was used. The light was positioned at an angle of ~ 45° 
compared to the high-speed camera to obtain a good colour 
contrast.

3.3 � Tracking methodology

To extract the impact details of the droplets from the high 
frame rate videos, a customised tracking algorithm was used 
based on a Matlab code combined with the DMV code by 
Basu (2013). This algorithm is explained in detail in our 
previous work, Al-Dirawi and Bayly (2019).

4 � Results

4.1 � Regime maps

The standard regime maps of droplet collisions, with drop-
lets that have identical physical properties, are commonly 

plotted in the parameter space of We and B. However, for 
collisions of droplets with different physical properties, We 
is not unique as it can have different values depending on 
the physical properties chosen. Gao et al. (2005) suggested 
that in the case of droplets of two different miscible liquids, 
We should be based on the properties of the droplet that 
has lower surface tension. This was attributed to the belief 
that the lower surface tension controls whether the colli-
sion outcome is coalescence or separation. However, this is 
only valid for collisions of low viscosity droplets because of 
the predominance of the viscosity effect in determining the 
collision outcome in viscous collisions (Kuschel and Som-
merfeld 2013). Therefore, in some studies of collisions with 
non-identical fluids, the use of We in the regime maps is 
avoided and the relative velocity is used instead, such as in 
Planchette et al. (2010).

In this work, HPMC solutions show a negligible variation 
in surface tension and density, as seen in Table 1. We is, 
therefore, independent of solution concentration and allows 
the regime maps to be constructed based on We. Moreover, 
the similar values of surface tension and the density, see 
Table 1, isolate the effect of the viscosity on the collision 
outcome.

To allow comparison and further analysis, the three 
regime maps reported in our previous work, Al-Dirawi and 
Bayly (2019), for collisions of identical droplets for the three 
solutions, 2%, 4%, and 8% HPMC, are shown in Fig. 5. In 
this work, this data was extended, to complete the matrix of 
the six possible combinations of the three HPMC solutions, 
by constructing three more regime maps for collisions of 
droplets with non-identical viscosities, as shown in Fig. 6. 
Noticeably, the regime maps of the non-identical solutions 
show defined regime boundaries that are qualitatively com-
parable to those of identical solutions.

In the following sections, the effect of the viscosity on 
the regime maps and the dynamics of the collisions will be 
discussed by comparing the role of the viscosity on colli-
sions of droplets with identical viscosities with its role on 
non-identical collisions. Finally, the applicability of the 
existing models of the regimes boundaries, on both types of 
collisions (i.e., of identical and non-identical viscosities), 
will be discussed.

4.2 � Comparison of the identical 
and the non‑identical collisions

4.2.1 � Bouncing

Although the role of the viscosity on collisions of identi-
cal droplets has been widely investigated, its effect on the 
bouncing regime boundary has scarcely been studied. This 
might be due to the limited number of studies that show 
a clear transition from the bouncing regime to the fast 

Table 1   Physical properties of the three HPMC systems that are used 
in this work at 20 °C

Type of liquid ρ (kg m−3) σ (mN m−1) μ (mPa s) Oh

2% HPMC 1000 46.00 2.80 0.021
4% HPMC 1000 45.80 8.20 0.063
8% HPMC 1000 45.72 28.40 0.216
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coalescence regime at head-on collisions ( WeB/FC ). The 
absence of a bouncing to fast coalescence transition at 
head-on collisions could be attributed to the droplets’ fluid 
properties, as some fluids do not show bouncing at low B, 
such as water (Qian and Law 1997) and ethanol (Estrade 
et al. 1999), or they do not show any bouncing at the entire 
range of B, such as milk (Finotello et al. 2018b). Krishnan 
and Loth (2015) suggested based on a literature survey that 
for head-on collisions, WeB/FC value would be expected to 
increase with increasing viscosity. However, the basis of this 
claim is based on extrapolation of data from high B to low 
B, for fluids which are not seen to bounce at B = 0, rather 
than direct collision data. Pan et al. (2016) also showed that 
a 30% aqueous glycerol solution, with a viscosity 3X that 
of pure water, promotes bouncing compared to pure water 
droplets. The authors attributed this to less surface mobility 
in the case of higher viscosity droplets that suppresses the 
air drainage and hence bouncing is promoted.

The above hypothesis of surface mobility by Pan et al. 
(2016) is based on the observed phenomenon that when 
the droplets’ interfaces approach each other the trapped 
air experiences high-pressure build-up at the centre of the 
gap, which causes indentation to the interfaces. Because of 
this indentation, a rim is formed on the surface and hence 
the minimum clearance between the droplets takes a ring 
shape. Therefore, to discharge the trapped air, this rim is 
pushed away from its centre. This dynamic is called surface 
mobility. Therefore, at higher viscosity the rim will have 
less mobility which resists the air drainage and consequently 
bouncing occurs. It should be noted that the surface mobility 
was numerically and experimentally observed in droplet coa-
lescence on surfaces (Hicks and Purvis 2010; Kolinski et al. 
2012), while in binary droplet collisions it is only observed 
in numerical studies (Pan et al. 2008, 2016).

In this study, the regime maps of all viscosity combi-
nations show a bouncing to fast coalescence transition at 
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Fig. 5   Regime maps of binary droplet collisions with droplets that have identical viscosities, and the performance of the existing models in pre-
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head-on collisions. For collisions between droplets of iden-
tical fluid, WeB/FC decreases with increasing viscosity, as 
shown in Fig. 5 (Al-Dirawi and Bayly 2019). This is con-
trary to the aforementioned observations of Krishnan and 
Loth (2015) and Pan et al. (2016). This might be due to the 
higher viscosity range in this work compared to those in 
the previous studies, which are up to 4.3 mPa s in Krishnan 
and Loth (2015) and up to 2.8 mPa s in Pan et al. (2016). At 
high viscosity, the pressure build-up of the trapped air might 
not be sufficient to cause a significant surface indentation 
(Langley et al. 2017) and hence bouncing might be con-
trolled by a different mechanism. By accepting this hypoth-
esis, the resistance of the gas drainage is, therefore, deter-
mined by the area of surface flattening, which is expected to 
decrease by increasing the viscosity, as shown in the sche-
matic in Fig. 7. Therefore, the bouncing might be enhanced 
by increasing the viscosity, according to the mechanism of 
the surface mobility, up to a certain limit after which the 

flattening mechanism takes over and hence increasing the 
viscosity further suppresses the bouncing. This can be a pos-
sible explanation for the suppression of bouncing when the 
droplet viscosity is increased.

Figure  8 shows the bouncing dynamics of the three 
HPMC systems. The viscosity of 2% HPMC is within the 
range reported by Krishnan and Loth (2015) and Pan et al. 
(2016); therefore, it is expected to have some surface inden-
tation. This also can be expected by noticing the distorted 
shape of the droplet, at time 0.17 ms and 0.27 ms in Fig. 8, 
which seems to have a rim development. However, in cases 
of 4% and 8% HPMC the droplets do not show clear dis-
tortions and seem to have nearly flat interfaces (or negligi-
ble indentation). Thus, in 2% HPMC we assume there is a 
surface mobility mechanism that controls the air drainage, 
whereas it is controlled by the flatting mechanism in 4% 
and 8% HPMC. However, more experimental and numeri-
cal efforts are required to validate the hypotheses of the 
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Fig. 7   Schematic showing the expected change in the mechanism of interface deformation and air drainage process on increasing droplet viscos-
ity

Fig. 8   Effect of the viscosity 
on the dynamics of the head-on 
bouncing collision, at the transi-
tional Weber numbers between 
bouncing and coalescence 
WeB∕FC , for droplets that have 
identical viscosities. The higher 
droplets viscosity the lower 
WeB∕FC and deformation

Table 2   Bouncing/fast coalescence boundary for head-on droplet collisions

% HPMC 2% 2 vs. 4% 4% 4 vs. 8% 8%
/ 26 ±1 22 ±2 18 ±2 15 ±1 11 ±2

% HPMC 2 vs. 8%
/ 21 ±2
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mechanism change with sufficient increase in the viscosity 
of the droplets.

In the case of collisions between miscible droplets that 
have different viscosities, WeB/FC has an intermediate value 
between the values of the identical cases, see Table 2. The 
bouncing dynamic in cases of head-on identical collisions is 
symmetric to the impact plane, as shown in Fig. 8. However, 
bouncing in cases of non-identical viscosities shows asym-
metric dynamics as the lower viscosity droplet is deformed 
more than the higher viscosity droplet. This deformation dif-
ference increases as the viscosity ratio increases, as shown in 
Fig. 9. This change in deformation leads to a higher drainage 
rate of the trapped air between the colliding droplets than 
that of the equivalent case of the lower viscosity droplet, 
and a drainage rate lower than that of the equivalent case of 
higher viscosity droplets. Thus, the intermediate values of 
WeB/FC are expected. 

A new collision regime has also been identified in case 
of non-identical viscosities at high viscosity ratio (i.e., 2% 
vs. 8% HPMC), where a relatively significant asymmetry in 
dynamics due to the differences in viscosity is observed. In 
this case, bouncing is accompanied by a temporary partial 
coalescence and a thin ligament (tail) between the two drop-
lets is observed. This ligament breaks rapidly at the surface 
of the high viscosity droplet and retracts back to the lower 

viscosity droplet, as shown in Fig. 9. After the pinch-off of 
the tail the droplets show no change in their original vol-
ume. This type of bouncing is named partial bouncing on 
the regime map in Fig. 6. The exact mechanisms that lead 
to the partial bouncing are not clear due to the complexi-
ties of surface deformation, air drainage and surface contact 
involved in determining the droplet dynamics in this region 
of the regime map.

It is interesting to notice that the dynamics of bouncing in 
case of non-identical viscosities is very similar to the bounc-
ing dynamics of the collisions of low viscosity droplets that 
have large surface tension difference, such as the bouncing 
collision between a water droplet and a diesel oil droplet, see 
Fig. 9 in Chen and Chen (2006). In this case, the droplet with 
lower surface tension, diesel oil, suffers larger deformation 
than that of the water droplet. This is because the higher 
surface tension leads to higher capillary pressure (2�∕d ), 
which makes the droplet more resistant to the deformation, 
and vice versa.

4.2.2 � Stretching separation

Kuschel and Sommerfeld (2013) observed that increas-
ing the viscosity in identical droplet collisions would shift 
the boundary of the stretching separation toward higher 

Fig. 9   Effect of the viscosity 
on the dynamics of the head-on 
bouncing collisions of droplets 
that have different viscosities. 
High viscosity (right droplet) 
low viscosity (left droplet). 
Partial bouncing is seen at 
high viscosity ratio (2% vs. 8% 
HPMC)
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B values. The regime maps of the identical cases in this 
study show the same trend, when HPMC concentration is 
increased from 4% to 8%, as shown in Fig. 10a. However, 
the boundary of 2% shows slightly higher B values com-
pared to 4% HPMC, see Fig. 10a. This trend (the boundary 
of the lower viscosity collisions occurring at higher B) was 
also observed in Kuschel and Sommerfeld (2013) in case of 
comparing the regime maps of 20% and 40% saccharose. 
A possible hypothesis explaining this will be given in the 
following discussion.

In the three non-identical systems studied, the boundary 
of the stretching separation regime is nearly superimposed 
(with slightly higher B) on the boundaries of the identical 
viscosity cases of the lower viscosity droplet, as shown in 
Fig. 10b–d. This can be clearly seen in case of 4% vs. 8% 
HPMC, where its boundary closer to the identical case of 
4% HPMC than the identical case of 8% HPMC, as shown 
in Fig. 10c. Similar behaviours can be seen in cases of 2% 
vs. 4% HPMC and 2% vs. 8% HPMC as their stretching 

separation boundaries are closer to the cases of the identical 
viscosity collisions of the lower viscosity (i.e., 2% HPMC in 
both cases), as shown in Fig. 10b, d. Ultimately, this means 
increasing the viscosity of one of the colliding droplets has 
a negligible effect on the boundary of the stretching separa-
tion regime.

It is interesting to note that both 2% and 2% vs. 4% 
HPMC boundaries lie at higher B values than 4% HPMC, 
see Fig. 10b, which is contrary to the other aforementioned 
cases. This may be due to the dominance of surface tension, 
Oh < 0.1, in controlling collision outcome in these condi-
tions. A slight increase in the viscosity (from 2.8 mPa s in 
2%HPMC to 8.2 mPa s in 4% HPMC) might reduce this 
effect before entering an area, where viscosity plays a domi-
nant role in governing behaviour. In Fig. 10a, 8% HPMC 
the boundary occurs at higher B than the lower viscosity 
cases, Oh = 0.216 , which suggests that viscosity will have 
a dominant effect. It is interesting to note that Planchette 
et al. (2017) also reported similar Oh boundary behaviour 
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Fig. 10   Comparisons of the stretching separation boundaries of the 
identical droplets collisions at different viscosities, as well as the non-
identical droplets collisions vs. the identical droplets collisions. The 
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	 Experiments in Fluids (2020) 61:50

1 3

50  Page 14 of 22

for head-on collisions, as at Oh < 0.1 the compression period 
shows different deformation and has a lower viscous loss 
ratio a , which is attributed to insufficient time, at low Oh, to 
form viscous boundary layers. However, a full understand-
ing of these observations requires a systematic study of the 
viscosity effects for solutions that have Oh  < 0.1, which is 
out of the scope of this research.

In cases of collisions between droplets that have identi-
cal viscosities, a uniform ligament is formed between the 
droplets during the stretching process, as shown in Fig. 4. 
However, in case of non-identical viscosities, the ligament 
is thicker on the side of the higher viscosity droplet and 
the break-up happens at the thinner side of the ligament, 
near the low viscosity droplet, as shown in Fig. 11. Con-
sequently, it is of interest to visualise and understand the 
mixing between the two droplets that occurs during the 
stretching separation process. As this is not possible from 
the shadow images in Fig. 11 an alternative imaging setup 
was developed, where one droplet was coloured and the 
collisions were lit from the front.

Colour images of stretching separation of the three vis-
cosity ratios are shown in Fig. 12. During the early stages 
of the stretching process, a steep colour, and consequently 
viscosity, gradient is seen in the ligament near the higher 
viscosity droplet. This explains the non-uniform ligament 
in Fig. 11 and reveals that the break-up occurs in the lower 

viscosity region of the filament close to the low viscosity 
droplet. Thus, in these non-identical cases the stretching 
separation is controlled by viscosity of the lower viscos-
ity droplet, which explains the near superposition of the 
stretching separation boundary of the non-identical drop-
lets with the boundary seen for identical, lower viscosity 
droplets. Moreover, from Fig. 12, it also can be noticed 
that the separated droplets have no significant mixing, 
as they keep their original colour and no significant size 
change is observed, while the satellite droplets seem to 
have some mixing as their colour is in-between that of the 
original droplets.

For completeness, it should be noted that in collisions 
of immiscible droplets with different viscosities, Planchette 
et al. (2012) also found that the ligament is formed from the 
low viscosity droplet (the encapsulating droplet).

4.2.3 � Reflexive separation

It is known from the previous studies of identical droplet 
collisions that increasing the viscosity shifts the onset of the 
reflexive separation WeFC∕RS towards higher We (Kuschel 
and Sommerfeld 2013; Finotello et al. 2018a, b; Gotaas et al. 
2007). The collisions of identical viscosity droplets show the 
same trend in this study. For example, changing the concen-
tration of HPMC from 2% to 4% shifts WeFC∕RS from 41 ± 1 

Fig. 11   Shadow images show 
the effect of the viscosity on 
the dynamics of the stretching 
separation collisions of droplets 
that have non-identical viscosi-
ties. The high viscosity droplet 
coming from the right (on the 
top) and stretching to the left 
(from the middle to the bottom 
of the images)
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to 75 ± 2 and increasing the viscosity further in 8% HPMC 
shows no reflexive separation for the investigated range up 
to WeMax = 84.

Unlike stretching separation, increasing the viscosity of 
one of the colliding droplets noticeably shifts the boundary 
of the reflexive separation towards higher We. However, this 
shift is less significant than that of increasing the viscosity 
of both of the colliding droplets. For example, WeFC∕RS of 
the collision of 2% HPMC droplet with 4% HPMC droplet 
is 48 ± 2, while it is 41 ± 1 and 75 ± 2 for identical viscos-
ity collisions of 2% and 4%, respectively, see Figs. 5 and 6. 
Interestingly, on further increasing the viscosity of the high 
viscosity droplet, 2% vs. 8% HPMC, no reflexive separation 
is observed within the investigated range of We. Similarly, 
in 4% vs. 8% HPMC, no reflexive separation is observed, 
see Fig. 6.

In the case of head-on collisions of identical droplets, the 
droplets initially form a rimmed lamellar disc, whereby the 
impact kinetic energy is completely converted into viscous 
loss and surface energy. Then, by the action of surface ten-
sion, the edges of the formed disc retract toward the centre 
of the mass. This retraction causes a reflexive internal flow 
inside the combined droplet which leads to the formation of 
a cylindrical shape aligned along the original axis of col-
lision. At high enough We, this continues to extend sym-
metrically until separation occurs. When the impact We is 
relatively low i.e., at WeC/RS , the separation leads to forma-
tion of two equal-size droplets that have equivalent size to 
the mother droplets. However, at higher We a large satellite 
type droplet can form between the two droplets separating 
droplets. The size of this satellite droplet is proportional to 

We (Ashgriz and Poo 1990). Figure 13 shows the dynamics 
of reflexive separation at relatively high We for 2% and 4% 
HPMC solutions.

In the case of non-identical viscosity collisions a similar 
rimmed lamellar disc is still observed; however, on retrac-
tion the internal reflexive flow shows non-symmetrical 
behaviour. In these cases, the lower viscosity fluid starts 
separating faster and forms a baseball-bat shape. The sub-
sequent ligament breaks near the end of the low viscosity 
region forming a droplet. The remaining extended ligament 
then retracts towards the high viscosity end forming a single 
droplet with a larger size than the lower viscosity droplet. 
The coloured droplet images help to understand this behav-
iour. Interestingly, some partial mixing is seen between the 
colliding droplets in the earlier stages of the collision. This 
leads to a viscosity gradient along the ligament and, conse-
quently the break-up occurs at the lower viscosity end of the 
ligament, closest to the low viscosity droplet. At the colli-
sion conditions shown in the last set of images in Fig. 13, the 
remaining ligament retracts and forms a single large drop-
let. This large droplet will be more diluted than the initial 
droplet due to the partial mixing of the retracted ligament; 
however, the small droplet has a concentration similar to that 
of the lower viscosity.

4.3 � Boundaries Modelling

Modelling the regime boundaries of binary droplet collisions 
has received substantial attention. However, the majority of 
these studies deal with collisions of droplets that have iden-
tical fluids (e.g., Ashgriz and Poo 1990; Jiang et al. 1992; 

Fig. 12   Coloured time-resolved 
images show that ligament is 
drawn from the low viscosity 
droplet. The transparent droplets 
are the lower viscosity, and the 
dark droplets are the higher 
viscosity
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Estrade et al. 1999). In addition, a few studies have been 
conducted to model the boundaries of the separation regimes 
in collisions of immiscible droplets (Planchette et al. 2012). 
To the best knowledge of the authors, the regime boundaries 
of non-identical, miscible fluid, droplet collisions have not 
been considered in the literature. In this section, the applica-
bility of the existing models (see Sect. 2) for the boundaries 
of the regimes for both identical and non-identical viscosity 
droplet collisions, of this study, will be examined.

4.3.1 � Bouncing boundary

The bouncing boundary was fitted using the model of Al-
Dirawi and Bayly (2019). Initially, the shape factor was 
evaluated at B = 0 using Eq. (4), which is a function of el 
and es . It should be noted that, el and es are identical in case 
of collisions of identical droplets, while they are different in 
case of collisions of droplets with non-identical viscosities. 
At head-on collisions, e =

(
1 − c2∕a2

)0.5 , thereby Eq. (4) is 
a function of cl , cs , al and as , which were measured directly 
from the images at WeB/FC using ImageJ. Equation (3) then 

was used to estimate WeB/FC at B = 0 . The viscous loss fac-
tor � was estimated by fitting the model to the experimental 
data at B = 0 . This � value is then kept for the whole range 
of B . At B > 0, e = f (� , �) , the constants �  and � were opti-
mised using the minimum mean absolute error (MAE) as 
in our previous work, Al-Dirawi and Bayly (2019). Table 2 
summarises the values of the constants that are used in this 
model for different cases. The model shows excellent perfor-
mance on the non-identical viscosities collisions, as shown 
in Fig. 6. It should be noted that the use of the model in the 
identical collisions cases, in Fig. 5, is that of our previous 
work (Al-Dirawi and Bayly 2019).

As it would be expected, the viscous loss � increases as 
the viscosity increases, which shown in Table 3. In the non-
identical viscosity cases, an intermediate � value is seen, 
which is consistent with the behaviour being an average 
of the two viscosities. On the other hand, the shape factor 
�′′
o.s.

 increases as the viscosity decreases; this is due to the 
increased deformation observed for low viscosity droplets 
(Al-Dirawi and Bayly 2019). In collisions of droplets with 
non-identical viscosities the values of the �′′

o.s.
 are in-between 

Fig. 13   Dynamics of reflex-
ive separation collisions for 
droplets that have identical and 
non-identical viscosities. In 
the case of the collision of 2% 
vs. 4% HPMC in the shadow 
images, the low viscosity 
droplet is located on the left). In 
the coloured images, the dark 
droplet is the higher viscosity 
(4% HPMC)
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those of the identical cases, as listed in Table 2. This is 
because the colliding droplets have different deformation 
extents that produce an intermediate total surface area com-
pared to those of the identical cases of the low and the high 
viscosity droplets. The intermediate values of �′′

o.s.
 quanti-

tatively explain the intermediate position of WeB/FC in the 
non-identical case compare to the identical cases.

It should be noted that, in non-identical viscosity colli-
sions, � and �′′

o.s.
 are not an exact average of the values of the 

two identical cases of the low and the high viscosity systems. 
This is because the transitional points from bouncing to fast 
coalescence ( WeB/FC ) are not the average of those of the 
identical cases. This might be attributed to the complexity 
of the dynamics related to the behaviour of the trapped air 
film between the droplets.

4.3.2 � Stretching separation boundary

The boundary of the stretching separation regime, in case of 
non-identical viscosities, is comparable to that of the identi-
cal case of the lower viscosity droplet. Therefore, the model 
of Jiang et al. (1992), Eq. (10), can be used to fit the bounda-
ries in both identical and non-identical collisions. In the case 
of collisions of droplets with non-identical viscosities, the 
lower viscosity is used in the model. This is based on our 
aforementioned observation that the ligament between the 
droplets is mainly composed of the lower viscosity fluid and 
the break-up occurs near the lower viscosity droplet. Fig-
ures 5 and 6 show that the model of Jiang et al. (1992) cap-
tures the shape of the boundary very well for both the identi-
cal and non-identical cases. Also shown in these figures is a 
comparison of a fit with an optimised empirical parameter, 
Ca , with the fit using the Ca = f (Oh) correlation of Sommer-
feld and Pasternak (2019), Eq. (11). In both cases Cb = 1 , and 
the optimisation was done by minimising the MAE, using 
Eq. (18) and the data points, as shown in Fig. 10:

(21)MAE =
1

n

n∑
i=1

|||Bmodel − Bexp.
|||i.

As can be seen in the case of the optimised empirical fac-
tor, the model of Jiang et al. (1992) gives a very good fit in 
all cases. However, the fit using the correlation in Eq. (11) 
( Oh for the lower viscosity droplet is used) gives a slight 
offset in most cases, though interestingly in the case of the 
non-identical collisions this offset in, B, is small < ~ 0.05.

Figure 14 details and quantitatively compares the values 
Ca used to define the curves in these plots. Noticeably, the 
optimised Ca values of the non-identical collisions are close 
to the values of the identical collisions of the droplet of the 
lower viscosity. Comparing optimised Ca values with the Ca 
values calculated using Eq. (11) a reasonable agreement is 
seen; however, there is a little scatter. Ultimately, the model 
of Jiang et al. (1992), with the single empirical parameter, 
Ca, can be used to accurately describe the stretching sepa-
ration boundary for collisions of non-identical viscosities 
using the lower viscosity and Cb = 1. The correlation of Som-
merfeld and Pasternak (2019) provides a reasonable estimate 
for Ca , while an optimised value of Ca gives an excellent fit 
of B across a wide range of We.

The excellent agreement with the model of Jiang et al. 
(1992) for the boundary in all the systems studied, suggests 
that the impact parameter modifications proposed by Plan-
chette et al. (2012), see Sect. 2.2, are not necessary, even 
though some droplet distortion and rotation was observed. 
However, it is also of interest to see if this alternative 
approach provides a good fit to the data, consequently, it 
was evaluated. The effective impact parameter Beff , was 
calculated using the 8% HPMC boundary as a reference 
boundary based on the assumption that these droplets suffer 
negligible distortion compared to the lower viscosity cases. 
The empirical parameter U* was determined for both the 
identical and non-identical data sets by minimising the MAE 
between Beff describing each boundary and the reference 
boundary. Using these fitted values of U* to calculate Beff for 
the experimentally determined boundary values (Fig. 15a), 
shows a reasonable collapse on to a single curve, Fig. 15b, 
which can be approximated the model of Jiang et al. (1992). 
For completeness, as the model of Jiang et al. (1992) was 
fitted to this single curve, the empirical parameter Ca is 
dependent on the viscosity of the system, see Fig. 14. As all 
points collapsed on a single line, Ca values of 2% and 2% vs. 
4% and 2% vs. 8% HPMC were collapsed in a single value 
that is larger than the optimised values, similarly in case of 
4% HPMC and 4% vs. 8% HPMC.

The U* determined for each system are shown in the inset 
graph in Fig. 14. They correlate with the offsets in the bound-
aries shown in Fig. 10 which are discussed in Sect. 4.2.2. As 
the 8% HPMC case is significantly offset from the other 
curves, the values are relatively similar. These contrast with 
the findings of Planchette et al. (2012), who, for immiscible 
systems, reported higher absolute levels of U* and saw U* 
with increase monotonically with the viscosity of the more 

Table 3   Bouncing model, Eq. (3), parameters

� �′′
o.s.

 (at 
B = 0 ) 
Eq. (4)

� � e
2

2% HPMC 0.11 1.46 0.86 2.75 0.895
4% HPMC 0.23 1.24 1.05 3.93 0.81
8% HPMC 0.44 1.14 1.11 4.70 0.71
2% vs. 4% HPMC 0.14 1.36 1.32 4.21 0.88; 0.84
2% vs. 8% HPMC 0.26 1.34 1.31 4.05 0.87; 0.84
4% vs. 8% HPMC 0.3 1.25 1.15 3.76 0.79; 0.83



	 Experiments in Fluids (2020) 61:50

1 3

50  Page 18 of 22

deformable component. Consequently, while this modelling 
approach can be used to approximate the boundary observed 
in these systems, the lack of clear trend in U* makes the 
approach of Jiang et al. (1992) preferable.

4.3.3 � Reflexive separation boundary

The boundary of the reflexive separation regime is widely 
predicted by shifting the model of Ashgriz and Poo (1990), 
Eq. (13), towards higher We using Oh correlations (Som-
merfeld and Pasternak 2019). The shifted model of Ashgriz 
and Poo (1990) is given by

where WeFC/RS (f (Oh) is the onset of the reflexive separation 
regime predicted by Oh correlations detailed in Sect. 2.3, 
Eqs. (16, 17 and 18), and WeFC/RS (water) is the onset of the 
reflexive separation of water which is equal to 6

[
7(2)

2

3 − 8
]
 

at B = 0 from Eq. (13). ¥1 , and ¥2 are defined in Eqs. (14 and 
15).

However, the more detailed model, of Planchette et al. 
(2017), Eq. (20) can be used as an alternative to the Oh cor-
relations and a comparison of the two approaches will be 
made [i.e., the model Planchette et al. (2017) vs. Oh correla-
tions in Eqs. (17 and 18)]. Before implementing any model, 
it should be noted that in the case of collisions between 
droplets with different viscosities an Oh based on the arith-
metic mean viscosity will be used. This is attributed to the 
observed intermediate value of WeFC/RS in the non-identical 
viscosity collisions compared to the identical collisions, in 
Sect. 4.2.3.

(22)

Wec =
(
WeFC/RS(f (Oh)) −WeFC/RS (water)

)

+ 3

[
7
(
1 + Δ3

) 2

3 − 4
(
1 + Δ2

)]Δ(1 + Δ3
)2

Δ6¥1 + ¥2

,
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Fig. 14   Evaluation of the parameter C
a
 in the modified model of 

Jiang et al. (1992), Eq. (10), for the six systems that are used in this 
study using different methods, where C

b
= 1 . Circles are direct fit-

tings based on the minimum MAE; diamonds are the values from the 
correlation of Sommerfeld and Pasternak (2019), Eq.  (11); triangles 
are based on the effective impact parameter estimated from the model 
of Planchette et  al. (2012). The inset figure shows the evaluation of 
the constant U* in the model of Planchette et  al. (2012). Oh of the 
non-identical collisions is taken for the lower viscosity droplet
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the experimental data of the boundary of the stretching separa-
tion regime. Applying the model shows that the data collapse on 

the boundary of the 8% HPMC (the reference boundary). a Original 
experimental data; b data plotted vs. the effective impact parameter 
Beff using the approach of Planchette et al. (2012), Eq. (12)
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The model of Planchette et al. (2017), Eq. (20), can be 
written in terms of We and Oh:

The model has three adjustable parameters �crit , a and q . 
The loss ratio a was experimentally determined for the three 
systems, using the same procedure used in Planchette et al. 
(2017). It was confirmed to be independent of the initial 
velocity, and the system viscosity, see supplementary mate-
rial. Its measured values agree very well with those reported 
by Planchette et al. (2017) ( a ∼ 0.67 ± 0.02). �crit , the critical 
aspect ratio for break-up, was also set at 3 as in Planchette 
et al. (2017) breakage criteria. The model was used with 
q = 0.025(1 − a) = 0.00825 and a pre-factor p = 2.38 as in 
Planchette et al. (2017).

Figure 16 compares the WeFC/RS predictions of the two 
alternative models against each other and against the experi-
mentally observed values. Similar trends are seen in both 
models; however, at higher Oh values, the gradient of the 
model of Planchette et al. (2017), Eq. (23), is lower and an 
improved prediction is seen vs. the correlations of Gotaas 
et al. (2007), Eqs. (17 and 18), which have some significant 
error. This error attributed to the noticeable scattering of the 
data when the Oh correlation was produced, the reader is 
referred to the review of Sommerfeld and Pasternak (2019). 
Both models show under-prediction in case of 2% HPMC, 
the reason behind this is unclear and further investigations 
for low concentration HPMC droplets would be of value 
especially for Oh < 0.04.

Based on the above, the model of Planchette shows 
promising performance in predicting the onset of reflexive 
separation for head-on collisions for both identical and non-
identical viscosity cases. It is, therefore, used as an alterna-
tive to the correlations of Gotaas et al. (2007) to predict the 
reflexive separation boundary using Eq. (22). The bounda-
ries predicted by this approach are shown in Figs. 5 and 6.

An alternative model that can be applied to predict the 
reflexive separation regime boundary is the model of Hu 
et al. (2017), Eq. (16). This model uses a fitting parameter 
�2 to represent the ratio of the entire viscous loss, to the 
impact kinetic energy. Therefore, in addition to the colli-
sions of identical viscosities, this model can be implemented 
to predict the reflexive separation regime boundary for the 
collisions of droplets with non-identical viscosities. This is 
done by setting �2 to fit the predicted WeFC/RS to the experi-
mentally measured boundary for head-on collision. The fit-
ted viscous loss parameters �2 , in the case of collisions of 
identical droplets, increase as the viscosity increases. It is 
0.55 for 2% HPMC, and 0.75 for 4% HPMC. However, con-
trary to the stretching separation, the non-identical viscosity 
system 2% vs. 4% HPMC shows an intermediate viscous 

(23)WeFC/RS =
�
0.8p�crit

�2 24
√
2∕�

(1 − a − q∕
�
We0.5

FC/RS
Oh

�Oh.

loss parameter, �2  = 0.63, compared to the identical droplets 
systems. This is consistent with the mixing between the col-
liding droplets as shown at the last set of images in Fig. 13.

The ratio of the viscous loss to the kinetic energy is 
expected to not change noticeably by changing the droplet 
viscosity. This is because at the onset of the reflexive separa-
tion, of identical droplets collisions, the separated droplets 
have a similar surface area to the initial droplets and possess 
negligible kinetic energy compared to the initial droplets. 
This is to say almost all kinetic energy has been lost. This 
was also commented on by Planchette et al. (2017). There-
fore, the ratio of the total viscous loss to the initial kinetic 
energy is expected to be close to unity and higher than those 
of the model of Hu et al. (2017) and to not vary significantly 
by changing the viscosity of the droplets. This raises a need 
for more investigation into the assumptions of Hu et al. 
(2017), which is out of the scope of this paper.

Although the model of Hu et al. (2017) shows unphysical 
�2 values, it is still interesting to be used and compared with 
the shifted model of Ashgriz and Poo (1990). At B > 0 both 
models show good agreement with the experimental data 
for the identical droplets 4% HPMC, as shown in Fig. 5. 
However, the model of Hu et al. (2017) slightly over-predicts 
B in case of 2% HPMC and 2% vs. 4% HPMC, whereas 
the model of Ashgriz and Poo (1990) shows good agree-
ment in both cases, as shown in Figs. 5 and 6. This requires 
more investigation into the role of the impact parameter and 
its implementation in the modelling of the boundary of the 
reflexive separation regime.
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Fig. 16   Performance comparison between the model of Planchette 
et  al. (2017) and the Oh correlations in predicting the onset of the 
reflexive separation regime at head-on collisions
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5 � Conclusions

Viscosity is an important factor in determining the collision 
behaviour of droplets. This work has extended the under-
standing of the effects of viscosity by investigating colli-
sions between miscible droplets of non-identical viscosity 
in which only the viscosity was significantly different. To 
provide a comparative basis for the non-identical viscosity 
collisions, the identical collision regime maps, reported in 
Al-Dirawi and Bayly (2019), were used and analysis of these 
extended across the whole of the collision space (rather than 
the previous focus on bouncing). For the range of viscosities 
studied we found similar behaviours to the identical drop-
lets, with the same regimes identified in the We, B space 
and clear boundaries between regimes that were shifted vs. 
the identical cases. The mechanisms involved in shifting the 
boundaries are slightly different in each case, and depend 
on the role of viscosity on the transfer of collision energy 
to deformation and then its effect on the subsequent separa-
tion mechanism. The following conclusions can be drawn 
for each boundary.

5.1 � Bouncing transition

Increasing the viscosity promotes fast coalescence by sup-
pressing the bouncing regime due to the higher viscosity 
decreasing the droplet deformation and allowing more rapid 
drainage of the air layer between the colliding droplets. The 
transition from bouncing to fast coalescence, therefore, 
occurs at lower We. In the non-identical case this transition 
occurs at an intermediate value between the transition We 
values of the two identical cases at the lower and higher 
viscosity. In comparison to identical collisions at the lower 
viscosity, the deformation is only reduced in one of the drop-
lets; therefore, the drainage of the air layer only benefits 
from half the change vs. the collisions at the higher viscos-
ity. A new phenomenon, partial bouncing, is also observed 
at high viscosity ratio, whereby a thin ligament between the 
bounced droplets is observed. This ligament separates from 
the higher viscosity droplet and retracts to the lower viscos-
ity droplet. The same modelling framework developed in 
our previous work can be used to fit the regime boundaries 
of collisions of droplets with non-identical viscosities and 
changes in the loss factor ( � ) and the shape factor are con-
sistent with the theory.

5.2 � Stretching separation transition

In identical collisions, at the higher Oh studied, increasing 
the viscosity shifts the boundary of the stretching separation 
regime to higher B values this might be anticipated due to 
the increase in the viscous loss and the relative importance 

of the viscosity term in the Oh number. However, at low 
Oh < 0.1 increasing the viscosity showed the opposite behav-
iour, this may be due to the increased role of surface tension. 
The reasons are not entirely clear and more investigation into 
this behaviour is required. In the case of non-identical col-
lisions, we see the stretching separation regime boundaries 
remaining very similar to the identical case for lower viscos-
ity droplets. This was shown to be due to the filament being 
drawn mainly from the lower viscosity droplet and conse-
quently its break-up  occurring in this low viscosity region. 
In addition, the satellite droplets produced from the break-up 
of the ligament during stretching separation, have a similar 
composition to the lower viscosity droplet, with only a small 
amount of mixing. Consequently, the adjustable parameters 
in the model of Jiang et al. (1992) were very similar to those 
of the lower viscosity case. The model of Planchette et al. 
(2012) was also evaluated and the use of an effective impact 
parameter allowed the collapse of the experimental data to 
a unified curve. However, its value was limited as no clear 
relationship between the U* fitting parameter and the physi-
cal properties of the droplets was observed.

5.3 � Reflexive separation transition

For identical droplets, the transition from fast coalescence to 
reflexive separation is shifted to higher We due to increased 
viscous loss in the stretching and reflexive motion of the 
droplets. For non-identical drops, a similar trend is seen, 
with the transition moving to intermediate values of We 
compared to the identical cases. Deformation is reduced and 
partial mixing is seen between the colliding droplets so there 
is both less energy in the reflexive separation and intermedi-
ate viscosity in the necking ligament. Interestingly because 
of the mixing, a concentration gradient is setup and the lower 
viscosity droplet detaches at the low viscosity end of the 
ligament. This leads to a smaller low viscosity droplet and 
a larger droplet composed of both the higher viscosity fluid 
mixed with a little lower viscosity fluid. The application of 
the model of Ashgriz and Poo (1990), using an offset based 
on a prediction of the head-on boundary WeFC/RS using the 
approach of Planchette et al. (2017) can be used for both the 
identical and the non-identical cases based on the average 
Oh. It was found to give slightly better predictions than the 
correlation proposed by Gotaas et al. (2007) in the higher Oh 
systems tested. Neither model gave a good prediction of the 
onset of the reflexive separation at head-on for 2% HPMC, 
the lowest Oh system. The model of Hu et al. (2017) was 
found to give an approximate fit to the reflexive separation 
boundary of the non-identical case when an intermediate 
loss factor was used. However, at B > 0 , the fit of this model 
was found to be poorer than that of the model of Ashgriz and 
Poo (1990). Moreover, the model of Hu et al. (2017) shows 
unphysical viscous loss factors. Therefore, further work is 
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required to understand the model’s assumptions related to 
the role of impact parameter and the viscously lost energy.

This work represents an initial step in characterising 
these non-identical collisions. Several phenomena have been 
observed and mechanistic insights obtained; however, there 
are clearly opportunities to learn more about these interest-
ing, industrially relevant systems.

6 � Supplementary material

See supplementary material for data on the viscous loss vs. 
kinetic energy during the compressive dynamics at head-on 
collisions of identical droplets.
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