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A detailed understanding of the collision dynamics of liquid droplets is relevant to natural phenomena and 
industrial applications. These droplets could experience temperature changes altering their physical properties, 
which affect the droplet collisions. As viscosity is one of the relevant physical properties, this study focuses on the 
effect of temperature on viscosity, with an Arrhenius temperature dependence, of collisions of two equal-sized 
droplets using the Volume of Fluid Method. The results show that the higher temperature of the droplets leads to 
an effectively lower viscosity, leading to increased interface oscillations. This leads to the onset of separation at 
lower Weber numbers as expected. The local cooling droplets will create a local viscosity profiles, which results 
in the formation of a ridge upon combination of droplets. In addition, the collision outcomes sometimes cannot 
be explained solely on basis of an effective viscosity, undermining the usefulness of existing collision regime 
maps.
1. Introduction

Understanding of the collision dynamics of liquid droplets is of sig-

nificant interest for; industrial processes (Brazier-Smith et al., 1972), 
the transmission of infectious diseases (Dbouk and Drikakis, 2020; 
Jarvis, 2020), biomedical applications (Koishi et al., 2010), food pro-

cessing (Finotello et al., 2018b), microfluidics and 3D printing (Baroud 
et al., 2010; Yin et al., 2021). The outcome of droplet collisions is clas-

sified in different regimes such as; coalescence, stretching separation, 
reflexive separation and bouncing. The collisional outcome depends on 
the interaction and droplet parameters (the droplet size, the relative ve-

locity of the droplets and the location of the droplets with respect to 
the collision direction) as well as thermo-physical properties of the sys-

tem (the densities and viscosities of both the droplets and gas and the 
surface tension). For example, the temperature history of the droplets 
leads to altered physical properties resulting in a change in the collision 
outcome which significantly affects the final droplet size distribution in 
sprays (Sommerfeld and Pasternak, 2019).

The main physical properties influencing the outcome are surface 
tension and viscosity, which can be characterized by the Ohnesorge 
number (Eq. (1)) Gotaas et al. (2007); Jiang et al. (1992).

𝑂ℎ =
𝜇𝑑√
𝜌𝑑𝑑𝜎

(1)

* Corresponding author.

where 𝜇𝑑 is the viscosity and 𝜌𝑑 is the droplet density, 𝑑 is the di-

ameter of the droplet and 𝜎 is the surface tension. To determine the 
effect of the Ohnesorge number on droplet collision outcomes, several 
studies have been performed using different liquids for the droplets. 
These show clear shifts in the boundaries of the regimes when the vis-

cosity and the surface tension of the droplets are changed (Al-Dirawi 
and Bayly, 2020; Baumgartner et al., 2020; Brenn and Kolobaric, 2006; 
Finotello et al., 2017, 2018b; Gotaas et al., 2007; Jiang et al., 1992; 
Krishnan and Loth, 2015; Kropotova et al., 2022; Kuschel and Som-

merfeld, 2013; Pan et al., 2016; Qian and Law, 1997; Shlegel et al., 
2019, 2020; Sommerfeld and Kuschel, 2016; Sun et al., 2013; Zhou et 
al., 2022a). This research is extended further with the collision of non-

identical miscible liquids. It shows that the regime boundaries of the 
non-identical droplet collisions are in between the regime boundaries 
of the identical droplet collisions (Al-Dirawi and Bayly, 2020). In ad-

dition, the coalescence is generally delayed when two different liquids 
are used (Focke et al., 2013). For immiscible liquids, however, encapsu-

lation is the main outcome of the collision (Chen and Chen, 2006; Chen 
et al., 2016). Finally, some research has been performed using non-

Newtonian liquids, where the viscosity depends on the local flow char-

acteristics. Comparing the collisions of Newtonian droplets with these 
non-Newtonian droplets, new regimes appear in the collision diagrams 
(Finotello et al., 2018a; Focke and Bothe, 2011; França et al., 2022).
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Besides the local velocity field, the local temperature can also influ-

ence the droplet-droplet collision due to a temperature dependence of 
the viscosity of both the gas and the liquid. Changing the temperature 
of the surrounding gas leads to changes in the local oscillation dynam-

ics and thereby shifts in the regime boundaries (Islamova et al., 2022; 
Tkachenko et al., 2021; Volkov et al., 2015). In addition, Volkov et al. 
(Volkov et al., 2015) found an influence of the initial temperature of 
the droplets on the shape oscillations.

To extend our understanding of the effect of the variable viscosity on 
droplet collisions, this research will focus on the effect of temperature 
dependent viscosity of the liquid on droplet collisions. To effectively 
study these effects, it is essential to determine the local temperature and 
viscosity profiles. To obtain these profiles, this study employs a Direct 
Numerical Simulation (DNS) method. The interested reader is referred 
to the comprehensive review by Sommerfeld and Kuschel (Sommerfeld 
and Pasternak, 2019) on the employed numerical methods in the field 
of binary droplet collisions. Generally, front capturing methods are ap-

plied as they are easy to implement and are able to include coalescence 
(Finotello et al., 2017; Goodarzi et al., 2018; Premnath and Abraham, 
2005; Sun et al., 2013; Zhou et al., 2022b). It should be noted how-

ever that droplet collisions have also been investigated with a front 
tracking method (Dai and Schmidt, 2005; Rajkotwala et al., 2020). In 
this work, we will apply a front capturing method to represent the gas-

liquid interface. The method is extended to include the effect of the 
local temperature profile on the viscosity of the liquid. Using this new 
method, the effect of an Arrhenius type temperature dependent viscos-

ity on the collision and the collision outcomes of cooling droplets will 
be determined. This paper is organized as follows: Section 2 discusses 
the numerical methods and the simulation settings. In Section 3, the re-

sults will be presented and discussed. Finally, the conclusions will be 
given in Section 4.

2. Numerical model

The numerical method applied in this paper is based on the Volume 
of Fluid (VOF) method developed originally by van Sint Annaland et 
al. (van Sint Annaland et al., 2005) and improved by Baltussen et al. 
(Baltussen et al., 2014). The principles of the method will be presented 
in this section.

2.1. Governing equations and numerical solution

In our model, the continuity, Eq. (2), and the Navier-Stokes equa-

tions, Eq. (3), are solved for an incompressible flow using a one-fluid 
approach.

∇ ⋅ 𝒖 = 0 (2)

𝜌
𝜕𝒖

𝜕𝑡
= −∇𝑝− 𝜌∇ ⋅ (𝒖𝒖) − ∇ ⋅ 𝝉 + 𝜌𝒈+ 𝑭𝝈 (3)

where the fluid stress tensor is defined as 𝝉 = −𝜇[∇𝒖+(∇𝒖)𝑇 ]. In Eq. (3), 
the density and viscosity in each cell are obtained by linear averaging 
and harmonic averaging with the local fractional amount of liquid (F) 
according to Eq. (4) and Eq. (5), respectively.

𝜌 = 𝐹𝜌𝑙 + (1 − 𝐹 )𝜌𝑔 (4)

𝜌

𝜇
= 𝐹

𝜌𝑙

𝜇𝑙
+ (1 − 𝐹 )

𝜌𝑔

𝜇𝑔
(5)

where subscripts l and g denote liquid (F=1) and gas (F=0) phases.

The advection of the gas-liquid interface is governed by the follow-

ing equation (Eq. (6)):

𝐷𝐹

𝐷𝑡
= 𝜕𝐹

𝜕𝑡
+ u ⋅∇𝐹 = 0. (6)

In this VOF method, the Piecewise Linear Interface Calculation (PLIC) 
2

of Youngs (Youngs, 1982) is employed to advect the F field.
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In Eq. (3), 𝑭𝝈 is a source term to account for the surface tension 
between the two fluids. This volumetric force is calculated by using the 
Continuum Surface Force (CSF) model of Brackbill et al. (Brackbill et 
al., 1992) where 𝜎 is the surface tension coefficient, 𝜅 the local interface 
curvature, and n is the interface normal (Eq. (7)).

𝑭 𝜎 = 𝜎𝜅𝒏 (7)

The curvature is calculated using the Standard Height Function 
(SHF). To reduce spurious currents, the balanced force algorithm of 
Francois et al. (Francois et al., 2006) is implemented which ensures 
that the discretization of the pressure gradient and the force due to sur-

face tension are similar. However, this requires a curvature calculation 
at the cell faces while the SHF method calculates the curvature at the 
cell center. To obtain the cell faced curvature, the curvature of both 
neighboring cells is averaged. For a more extensive description of the 
curvature calculation, we refer to the work of Patel et al. (2018).

The governing equations are solved on a staggered grid using a two-

step projection method. The first step involves the calculation of a tenta-

tive velocity field from the decoupled momentum equations where only 
part of the viscous terms are treated semi-implicitly. The implicit part 
is chosen such that each velocity component can be solved separately 
where the (small) explicit part contains among others mixed deriva-

tives. The viscous terms are calculated with a second order central 
difference scheme whereas the convective terms are calculated using 
a second order flux delimited Barton scheme. In the second correction 
step, the final velocities are corrected such that the continuity equation 
(Eq. (2)) is satisfied. The implicit part of the viscous term and the cor-

rection step are solved using an in-house BiCGStab(2) method (Kamath 
et al., 2020) with the Ifpack2 incomplete LU-decomposition precondi-

tioner of the AMG (Algebraic Multi Grid) preconditioner of the MueLu 
package of Trilinos (Team, 2020), respectively.

2.2. Thermal energy equation

The temperature field is obtained by solving the following equation 
for the conservation of energy where T is the temperature and (−𝜏 ∶ ∇𝒖)
is the volumetric rate of viscous energy dissipation.

𝜌𝐶𝑝

𝜕𝑇

𝜕𝑡
+ 𝜌𝐶𝑝∇ ⋅ (𝒖𝑇 ) = ∇ ⋅ (𝑘∇𝑇 ) + (−𝜏 ∶ ∇𝒖) (8)

The local thermal properties, the heat capacity (𝐶𝑝) and thermal 
conductivity (k) are determined in Eq. (9) and (10) by simple linear 
averaging and harmonic averaging, respectively.

𝜌𝐶𝑝 = 𝐹𝜌𝑔𝐶𝑝𝑔
+ (1 − 𝐹 )𝜌𝑙𝐶𝑝𝑙

(9)

1
𝑘
= 𝐹

1
𝑘𝑔

+ (1 − 𝐹 ) 1
𝑘𝑙

(10)

The volumetric rate of energy dissipation is given by:

(−𝜏 ∶ ∇𝒖) = 1
2
𝜇

3∑
𝑖=1

3∑
𝑗=1

(
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖

)2
(11)

where the spatial derivatives of the velocity are calculated with second 
order central difference approximations.

2.3. Simulation settings

In all VOF simulations, two hot droplets of 2 mm equivalent diame-

ter (d) are initialized in air. The computational domain is 5d x 5d x 5d 
(Fig. 4). On all domain boundaries, free slip boundary conditions are 
used. The two droplets are placed on the main diagonal of the domain 
with an initial distance of 0.25d. The air is quiescent while droplets are 
initialized with a uniform velocity in the opposite directions by assign-

ing the desired velocity to the cells containing the droplet phase. The 
time step (Δt) is chosen as 1 ×10−6 s, which is well within the Courant–
Friedrichs–Lewy (CFL) criterion and the capillary criterion.
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Fig. 1. Geometric representation of the collision of the binary droplets.

Fig. 2. The examined cases are based on the We versus B regime map.

In this study, the effect of the grid size on simulation results was 
determined using a grid size of 40, 50 and 80 grid cells per diameter 
for a head-on collision with Weber number (Eq. (12)) equal to 90. As 
there were no significant differences in the results, the rest of the simu-

lations were performed with a resolution of 40 grid cells per equivalent 
diameter.

𝑊 𝑒 =
𝜌𝑑𝑑𝑣

2
𝑟𝑒𝑙

𝜎
(12)

Regime maps are used to characterize the droplet-droplet colli-

sion outcomes by plotting the non-dimensional impact parameter (B), 
(Eq. (13)), versus the collision Weber number.

𝐵 = 𝑏

𝑑
(13)

where b is the distance between the two droplet centers in the plane 
perpendicular to the relative velocity vector (𝑣𝑟𝑒𝑙), and 𝑑 the diameter 
of the droplets (Fig. 1). The studied cases are shown in Fig. 2 by black 
points. A total number of 160 binary droplet collisions have been sim-

ulated in this work by varying We between 20 and 90 and B between 0 
and 0.7. It should be noted that the regions in which a bouncing colli-

sion regime is expected (We below 20 and B above 0.8) are excluded in 
this study, as the applied Volume of Fluid method is not able to capture 
the bouncing regime.

The temperature-dependent liquid viscosity is described by an Ar-

rhenius type equation (Eq. (14)) while the air has a viscosity of 
1.836 × 10−5 Pa⋅s.

𝜇(𝑇 ) 𝐸𝑎

(
1 1

)

3

ln
𝜇(𝑇𝑟𝑒𝑓 )

=
𝑅

⋅
𝑇

−
𝑇𝑟𝑒𝑓

(14)
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Fig. 3. The dependency of the viscosity on temperature for the relevant tem-

perature range.

Table 1

Physical properties of both phases.

Parameter Liquid phase Gas phase Unit

Density 1287 1.25 kg/𝑚3

Heat capacity 2950 1005 J/kg⋅K
Thermal conductivity 0.4050 0.02 W/(m⋅K)

Surface tension 0.077 0.077 N/m

where the reference temperature, 𝑇𝑟𝑒𝑓 , is chosen as 293.15 K, where 
the viscosity is set to 5.70 ⋅ 10−2 Pa⋅s. To ensure different ranges of 
viscosity (0.1, 0.02, 0.01, and 0.002 times 𝜇(𝑇𝑟𝑒𝑓 )), four different values 
of activation energy (𝐸𝑎) were used: 22.06, 37.49, 44.13, and 59.55 
kJ/mol. The obtained activation energies and associated temperature 
dependence of the viscosity are consistent with existing fluids, such as 
glycerol (Peleg, 2018; Telis et al., 2007). The changes of viscosity within 
the relevant temperature range are shown in Fig. 3.

The other physical and thermophysical properties are given in Ta-

ble 1 (Martins et al., 2020). Initially, the temperature in the computa-

tional domain is 293.15 K while the droplets are at 373.15 K. As the 
collision times are short compared to the characteristic time for cool-

ing, the main heat transfer resistance is in the gas phase and the overall 
cooling of the droplet is limited. However, it should be noted that small 
differences in the temperature in the droplet might lead to significant 
changes in the local viscosity.

3. Results and discussions

First, the verification of the used Volume of Fluid method is dis-

cussed. Next, the binary droplet collisions will be presented in two 
steps. Firstly, the main effects of a temperature dependent viscosity on 
the droplet shape will be discussed. Secondly, the combined effects of 
the temperature dependence and the overall viscosity on conventional 
regime maps will be analyzed.

3.1. Verification

To investigate the implementation of the surface tension, an air bub-

ble of 3.3 mm is placed in a zero gravity field filled with water. The 
computational domain is five times the diameter (20 grid cells) in all 
three dimensions. It is found that the calculated errors in pressure drop 
over the surface compared to the Laplace pressure (error of 0.54%) and 
the spurious currents quantified in the Capillary number (Eq. (15), Ca = 

8.8 × 10−5) are comparable to literature values (Baltussen et al., 2014).
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Fig. 4. Position of the droplets inside the computational domain.

Table 2

Simulation settings for the standard advection test.

Parameter Value Unit

Bubble diameter 1
6

domain size

Bubble placement ( 1
2
,
2
3
,
1
2
) domain size

Domain size (160, 160, 160) grid cells

Grid size (0.00625, 0.00625, 0.00625) m

Time step 2 × 10−3 s

𝐶𝑎 =
𝜇𝑙𝐯𝑚𝑎𝑥,𝑙

𝜎
(15)

Secondly, the advection of the gas-liquid interface was tested by ad-

vecting a spherical bubble with the velocity field described in Baltussen 
et al. (2014), which is reversed halfway through the simulation. In this 
test case (Table 2), the bubble rotates once around the center of the do-

main. Due to the inversion of the velocity field, the bubble is expected 
to return to its original position and shape. However, there is a small 
change in the mass of the bubble and an error in the shape, which is 
comparable to the literature (the mass error is ∼ 10−12 and the geomet-

rical errors are ∼ 10−2 according to the definitions in Baltussen et al. 
(2014)).

Finally, the implementation of the energy equations was validated 
using penetration theory. In this simulation, two droplets with a tem-

perature 𝑇𝑑 are placed in the air with a lower temperature, 𝑇𝑎𝑖𝑟. The 
other simulation settings are given in Table 3. The results in Figure 5
show a good comparison with the analytical solution.

3.2. Droplet collisions

There are two main effects of the temperature dependent viscosity 
on the shape of the collided droplets. These two effects are showcased 
in all figures of the droplet collisions (Figs. 8, 9, 10, 11, 12, 13 and 15). 
These figures show the impact and collision outcome of two droplets 
at several impact parameters and Weber numbers with varying depen-

dency of viscosity on temperature. The collisions are shown in reference 
to the constant viscosity case, which uses 𝜇(𝑇𝑟𝑒𝑓 ), and one plot of the 
viscosity distribution of the droplets during impact.

The first effect can be seen in all simulations with a temperature 
dependent viscosity which shows an increase in the oscillations and 
elongation of the droplets due to the overall lower viscosity, which is 
4

clear in Figs. 8 and 9 for a coalesced droplet pair.
Chemical Engineering Science 282 (2023) 119277

Table 3

Simulation settings and physical properties for the penetration 
theory test case.

Parameter Value Unit

Domain size (200, 200, 200) grid cells

Diameter of the droplets 1
5

domain size

Position of droplets ( 1
3
,
1
2
,
1
2
) and ( 2

3
,
1
2
,
1
2
) domain size

Grid size 5.0 × 10−5 m

Time step 1 × 10−6 s

𝑇𝑑 373.15 K

𝑇𝑎𝑖𝑟 293.15 K

𝜌𝑙 997 𝑘𝑔∕𝑚3

𝜌𝑔 1.1845 𝑘𝑔∕𝑚3

𝐶𝑝𝑙
4181 𝐽∕𝑘𝑔 ⋅𝐾

𝐶𝑝𝑔
1005 𝐽∕𝑘𝑔 ⋅𝐾

𝑘𝑙 6.0692 𝑊 ∕𝑚 ⋅𝐾
𝑘𝑔 0.0261 𝑊 ∕𝑚 ⋅𝐾
𝜇𝑙 9 × 10−4 𝑃𝑎 ⋅ 𝑠
𝜇𝑔 1.836 × 10−5 𝑃𝑎 ⋅ 𝑠

Fig. 5. A comparison of the analytical (Bird et al., 2002) and simulation results 
from the non-dimensional temperature at 1.9 ⋅ 10−6 seconds.

Fig. 6. The maximal diameter of the ring (e.g. Fig. 8 at 4.0 ms to 6.0 ms) 
formed upon the combination of the droplets for the head-on collisions (B=0). 

The results with Ea = 0 kJ/mol are the results with constant viscosity (𝜇(𝑇𝑟𝑒𝑓 )).
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Fig. 7. The maximal elongation of the combined droplet pair in Figure a for We=20. The results with Ea = 0 kJ/mol are the results with constant viscosity (𝜇(𝑇𝑟𝑒𝑓 )). 
Figure b-f show the viscosity profiles for all B parameters in Figure a for Ea=22.06 kJ/mol.
To determine the effect of the temperature dependent viscosity on 
this elongation, the maximal extension of the ring obtained upon head-

on collisions (e.g. Fig. 8 at 4.0 ms to 6.0 ms) can be compared for 
all cases, which is shown in Fig. 6. The figure clearly shows that the 
diameter of the ring increases with the Weber number and increased ac-

tivation energy, which can be directly attributed to the increased kinetic 
energy and a decrease in the viscous energy dissipation, respectively. It 
is clear that the extension has an asymptotic behavior towards high ac-

tivation energies.

Besides the extension of the ring, the effect of the viscosity change 
can also be compared for the maximal elongation of the complex, which 
is shown in Fig. 7.a for all collisions with We=20. The figure shows 
similar to the extension of the ring that an increase in activation en-

ergy leads to more extension of the complex. In the case of a constant 
viscosity, the extension of the complex increases with B. However, this 
ordering with B is not obtained in all cases with a temperature depen-

dent viscosity. To explain this difference, the viscosity profiles for Ea = 
22.06 kJ/mol are shown in Fig. 7.b-f. These viscosity profiles show that 
the local viscosity profile changes from aligned with to perpendicular to 
the main extension direction when changing B from 0 to 0.7. The max-

imal extension is thus largely dependent on the local viscosity profile 
and cannot be described by an effective viscosity.

In addition, the overall lower viscosity leads to less dampening of 
the local fluctuations and might lead to the break up as is clear in case 
c, d and e in Fig. 8.

Secondly, all cases with a viscosity depending on temperature show 
the formation of a ridge between two droplets. When two droplets be-
5

come in contact, a ridge is formed between the two droplet layers due 
to a relatively high viscosity at the outer surface of the droplets (in 
Figure 8, 9, 10, and 11 at 1.5 ms, 1.5 ms, 1.0 ms and 1.0 ms, respec-

tively). This increased viscosity is caused by the cooling of the droplets 
by the surrounding air. The increased viscosity results in a higher en-

ergy dissipation resulting in resistance to flow in the contact area of the 
droplets, leading to a ridge which is resistant to flow. In some cases, a 
second ridge is observed when the droplets contract or recombine after 
separation (Figure 8 and Figure 10 at 10 ms and 10.5 ms, respectively). 
The ridges are more significant when the activation energy is increased. 
These ridges are never observed in the constant viscosity cases.

3.3. Effects on regime map

As already indicated in the previous section, the changes in the 
droplet shapes might lead to shifts in the regime maps. This section 
focuses on the combined effect of the temperature dependence of the 
viscosity and the overall lower viscosity of the droplets. We will de-

scribe the changes with both constant B and We.

At low We and head-on collisions (We=20 and B=0, Figure 8), the 
droplets show a clear ridge formation if a temperature dependent vis-

cosity is used. Afterwards, the combined droplet flattens especially in 
the region where the droplets initially interact. The thin film will rup-

ture in the simulations, due to the low resolution in the film, leading to 
a toroidal shape. Although this rupture is not observed experimentally 
at low Reynolds numbers, contraction of the toroidal shape is similar 
to experimental work. The contraction in a radial direction results in 
a spherical shape with distinct dimples in the center. As explained by 

Qian and Law (1997), this dimple is caused by the conversion of kinetic 
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Fig. 8. Collision evolution and rim formations of We = 20, B = 0 for a) constant viscosity (𝜇(𝑇𝑟𝑒𝑓 )), b) 𝐸𝑎 = 22.06 kJ/mol, c) 𝐸𝑎 = 37.49 kJ/mol, d) 𝐸𝑎 = 44.13 
kJ/mol and e) 𝐸 = 59.55 kJ/mol. Figure f) shows the viscosity profile for 𝐸 = 59.55 kJ/mol.
𝑎 𝑎

energy to surface energy. Upon recombination, a second ridge appears. 
After this stage, differences in the droplet outcome start to appear, i.e., 
the cases with no effect of temperature and the lowest activation ener-

gies show coalescence while the case with high activation energies (c, 
d and e) show separation.

When We is increased (We=60 and B=0, Figure 10), similar be-

havior is found. However, the diameter of the flattened region is in-

creased. At the transition between the flattened region and the rest 
of the droplet, a neck is formed which results in the formation of 
a small droplet inside the toroidal droplet. In addition, the droplets 
show more elongation after the recombination of the droplets resulting 
in the break-up in three or more droplets, which is known as “end-

pinching” (Stone and Leal, 1989) and was also obtained experimentally 
(Pairam and Fernández-Nieves, 2009), i.e. the obtained results are in 
6

the reflexive separation regime (Ashgriz and Poo, 1990; Finotello et 
al., 2017; Orme, 1997; Sommerfeld and Pasternak, 2019). Because of 
the pronounced elongation, the onset of separation occurs at lower 
activation energies, which was also obtained for different fluids with 
constant viscosity (Al-Dirawi and Bayly, 2019; Kuschel and Sommer-

feld, 2013).

Increasing the We number even further (We=90) as in Fig. 13, the 
flattened region extends further resulting in break-up of the toroidal 
structure in multiple droplets. The changes of break-up are enhanced at 
the higher activation energies as the interface oscillations are increased. 
This particular shape is also found by numerically by Rajkotwala et al. 
(Rajkotwala et al., 2020) and the oscillations in the rim are also ob-

served experimentally by Finotello et al. (Finotello et al., 2018a; Zhou 
et al., 2022a). Comparing Figures 8, 10 and 13, it is clear that generally 
the regime boundaries are shifted towards lower We as the interface 

oscillations promote the break-up of the droplets when the viscosity is 
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Fig. 9. Collision evolution of We = 20, B = 0.3 for a) constant viscosity (𝜇(𝑇𝑟𝑒𝑓 ), b) 𝐸𝑎 = 22.06 kJ/mol, c) 𝐸𝑎 = 37.49 kJ/mol, d) 𝐸𝑎 = 44.13 kJ/mol and e) 𝐸𝑎

= 59.55 kJ/mol. Figure f) shows the viscosity profile for 𝐸𝑎 = 59.55 kJ/mol.
temperature dependent. However, in the case with 𝐸𝑎 = 59.55 kJ/mol 
(Fig. 13 e) coalescence was obtained while separation is expected. When 
examining the local viscosity profiles in Fig. 14, the case with separa-

tion (𝐸𝑎 = 44.13 kJ/mol) shows that the viscosity profile is aligned 
with the main direction of flow when the separation occurs, while in 
case with coalescence (𝐸𝑎 = 59.55 kJ/mol) the profile is perpendic-

ular to the main flow direction. These differences are caused by the 
higher oscillations for the case with higher activation energy (𝐸𝑎 = 
55.95 kJ/mol, Fig. 13), which results in more mixing of the liquid and 
a higher dissipation rate, leading to coalescence.

When changing the impact parameter direction to B=0.3, three 
different collision regimes are encountered at the considered We: co-

alescence and stretching separation. At low We (We=20 and B=0.3, 
Figure 9) coalescence is expected, which is also obtained for all cases 
although an increase in oscillations is observed for the cases with a tem-

perature dependent viscosity. Increasing We to 60 (Fig. 11), coalescence 
is still expected when the viscosity is constant. However, the increase 
in the oscillations observed for the case with the highest activation en-

ergy (Fig. 11 e) leads to the break-up of the droplets, i.e. stretching 
separation is obtained instead of coalescence. This earlier onset of the 
stretching separation is also expected as an effective lower viscosity is 
obtained in the droplets, which leads to less viscous energy dissipation 
and thus more kinetic energy for separation of the droplets (Finotello et 
al., 2017; Qian and Law, 1997). At the highest We (We=90, Figure-15), 
a film is formed after the initial stage of interaction similar to head on 
collisions. However, the breakage of the film is not symmetric and only 
7

in the direction perpendicular to the main interaction direction. In ad-
dition, the recombined droplets show a very distinct profile when a 
temperature dependent viscosity profile is used. This profile leads to 
the separation in three droplets. Thus, it can be concluded that in this 
case the boundaries of the regime are also shifted to lower We in this 
figure. It should be noted that the physical relevance of the small scale 
structures is minor as these structures are not resolved (𝑑𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 ∼ grid 
size).

When comparing the results at different B (We=60, Figure 10, 11

and 12), coalescence is less prominent with increased activation energy. 
The increase of the activation energy leads to more interface oscillations 
due to the overall lower viscosity in the simulations. The enhanced in-

terface oscillations result in more break-up effectively decreasing the 
region in which coalescence occurs in the collision diagram. It should 
be noted that in cases with We=60 and B>0.4, there are no effects ob-

served with respect to regime changes as all these interactions already 
result in separation with constant viscosity.

In general, the simulational results show that the usage of a tem-

perature dependent viscosity results in a shift of the regime boundaries. 
This is very similar to the results obtained with different liquids, where 
a decrease in the Ohnesorge number results in a shift of the regime 
boundaries to lower We, i.e. separation occurs at lower We (Finotello et 
al., 2017). However, the head-on collisions at We=90, Fig. 13 in com-

bination with Fig. 14, showed that the local viscosity profile affects the 
collision outcome. Therefore, the differences in collision outcomes can-
not be solely attributed to a decrease in the effective viscosity profile.
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Fig. 10. Collision evolution of We = 60, B = 0.0 for a) constant viscosity (𝜇(𝑇𝑟𝑒𝑓 )), b) 𝐸𝑎 = 22.06 kJ/mol, c) 𝐸𝑎 = 37.49 kJ/mol, d) 𝐸𝑎 = 44.13 kJ/mol and e) 𝐸𝑎

= 59.55 kJ/mol. Figure f) shows the viscosity profile for 𝐸 = 59.55 kJ/mol.
𝑎

4. Conclusions

In this work, the effect of temperature-dependent viscosity with 
binary equal-sized droplet collisions is studied numerically using a Vol-

ume of Fluid method. The viscosity is dependent on the temperature 
with an Arrhenius type equation. After verification, the effect of the 
temperature dependence on collisions of cooling droplets was studied 
for different Weber numbers (ranging from 20 to 90) and impact param-

eters B (varying from 0 to 0.7). As the droplets are initially at a higher 
temperature, the temperature dependent viscosity results in a relatively 
lower effective viscosity in the droplets than the reference results with 
a constant viscosity. This results in more oscillations and elongations 
when the droplets interact. Besides the overall effectively lower vis-

cosity, the cooling of the droplets leads to local viscosity profiles. Just 
8

before the collisions, the skin of the droplets is cooled, which results in 
a higher viscosity of this skin. Due to the higher viscous dissipation at 
the point of interaction, a ridge is formed between the original droplets. 
This ridge formation is also observed when there is a secondary com-

bination of the droplets. In general, the temperature dependency leads 
to similar changes in the regime map as a decrease in the Ohnesorge 
number, i.e. the regime boundaries are shifted to lower Weber num-

bers. This is expected as a decrease in the viscosity leads to less viscous 
energy dissipation and thus more surface energy and kinetic energy. It 
should however be noted that the local gradients in the viscosity pro-

file might lead to unexpected collision outcomes. Therefore, the regime 
maps for cooling droplets with a temperature dependent viscosity can-

not be created on the basis of an effective viscosity when a droplet with 
a temperature dependent viscosity is used. As this study is limited to 
a temperature difference of 80K between the droplets and their sur-
rounding medium, we recommend extending the research with more 
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Fig. 11. Collision evolution of We = 60, B = 0.3 for a) constant viscosity (𝜇(𝑇𝑟𝑒𝑓 )), b) 𝐸𝑎 = 22.06 kJ/mol, c) 𝐸𝑎 = 37.49 kJ/mol, d) 𝐸𝑎 = 44.13 kJ/mol and e) 𝐸𝑎

= 59.55 kJ/mol. Figure f) shows the viscosity profile for 𝐸 = 59.55 kJ/mol.
𝑎

temperature differences. An initial study showed that a decrease in the 
temperature difference to 40K shows less pronounced differences with 
the constant viscosity case. It would also be interesting to look at the 
heating of droplets instead of the cooling. In addition, the physical prop-

erties of the liquid and the gas, except for the temperature dependent 
viscosity, have not been varied in this work. It would be interesting 
to see the effect of the Biot number and Prandtl number on the effect 
of the temperature dependent viscosity. It should be noted that an in-

crease in the Biot number might lead to a dependency on the initial 
temperature profile in the droplets. This should be taken into account 
in further research. Finally, the surface tension was considered indepen-

dent of temperature in this research. However, changes in the surface 
9

tension with temperature will lead to thermal Marangoni effects.
Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

This work is supported by the Netherlands Center for Multiscale 

Catalytic Energy Conversion (MCEC), an NWO Gravitation programme 



Chemical Engineering Science 282 (2023) 119277P.M. Durubal, A. Tavanaei, K.A. Buist et al.

Fig. 12. Collision evolution of We = 60, B = 0.4 for a) constant viscosity (𝜇(𝑇𝑟𝑒𝑓 )), b) 𝐸𝑎 = 22.06 kJ/mol, c) 𝐸𝑎 = 37.49 kJ/mol, d) 𝐸𝑎 = 44.13 kJ/mol and e) 𝐸𝑎

= 59.55 kJ/mol. Figure f) shows the viscosity profile for 𝐸 = 59.55 kJ/mol.
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Fig. 13. Collision evolution of We = 90, B = 0.0 for a) constant viscosity (𝜇(𝑇𝑟𝑒𝑓 )), b) 𝐸𝑎 = 22.06 kJ/mol, c) 𝐸𝑎 = 37.49 kJ/mol, d) 𝐸𝑎 = 44.13 kJ/mol and e) 𝐸𝑎

= 59.55 kJ/mol. Figure f) shows the viscosity profile for 𝐸𝑎 = 59.55 kJ/mol.
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Fig. 14. Local viscosity profile of the droplets for We = 90, B = 0.0 for a) 𝐸𝑎 = 44.13 kJ/mol and b) 𝐸𝑎 = 59.55 kJ/mol.
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Fig. 15. Collision evolution of We = 90, B = 0.3 for a) constant viscosity (𝜇(𝑇𝑟𝑒𝑓 )), b) 𝐸𝑎 = 22.06 kJ/mol, c) 𝐸𝑎 = 37.49 kJ/mol, d) 𝐸𝑎 = 44.13 kJ/mol and e) 𝐸𝑎

= 59.55 kJ/mol. Figure f) shows the viscosity profile for 𝐸 = 59.55 kJ/mol.
𝑎
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