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Abstract  

 In many spray drying operations, predicting the outcome of droplet collisions is critical for the 

prediction of the product properties and the tower performance. Many studies have been conducted 

on this topic; these studies reported five distinct collision outcomes namely slow coalescence, 

bouncing, fast coalescence, reflexive separation, and stretching separation. In these studies, regime 

maps of collisions outcomes have been drawn in the parameter space of the impact parameter and 

Weber number. As this space parameter of the regime maps does not consider the effects of the 

viscosity and the size ratio between the colliding droplets, the regime maps would vary with these two 

parameters. However, most those studies are for droplets that have identical physical properties, and 

they are either limited to inviscid droplets or identical size droplets. Therefore, it is essential for the 

spray drying and the fundamentals of the topic, to study the effect of the size ratio at different 

viscosities. This needs to be done for collisions of droplets that have identical and non-identical 

physical properties. To achieve this, a rig has been developed to study droplet collisions, the rig can 

be used to conduct droplet collisions at different viscosities and size ratios.  
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Introduction  
In many spray drying operations, predicting the outcome of droplet collisions is critical for the 

prediction of the product properties and the tower performance. This because the outcome of 

such collisions (coalescence or separation) has a direct effect on the size distribution, density, 

morphology, and moisture content of the final product (Sommerfeld and Kuschel, 2016, 

Kuschel and Sommerfeld, 2013).  

The collision of two droplets involves kinetic energy, momentum, and angular momentum 

conservation (Sirignano, 2000). Because of this, study the outcome of binary droplets collisions 

needs to consider many parameters. Therefore, the collisions outcome is investigated by using 

dimensionless numbers.  

The typical theme, for the vast majority of the literature studies of binary droplet collisions, is 

an attempt to draw a regimes map for the collision outcomes. The regime map is plotted in the 

parameter space of dimensionless Weber number (𝑊𝑒) (the ratio of kinetic energy to surface 

energy) and the impact parameter/collision-offset (𝐵) (Qian and Law, 1997). Also, there are 

few studies try to fit the boundary lines/curves between the regimes into empirical correlations 

(Ashgriz and Poo, 1990, Estrade et al., 1999, Tang et al., 2012, Qian and Law, 1997, Jiang et 

al., 1992).  

However, most of the studies used inviscid droplets such as water. In these studies, regime 

maps of collisions outcomes have been drawn. As the space parameter of the regime maps does 

not consider the effects of the viscosity and the size ratio between the colliding droplets, the 

regime maps would vary with these two parameters. The size ratio has been considered in the 

studies of the inviscid droplets. Although there are few recent studies have considered the 

viscosity effect, these studies have only considered identical droplets size. On the other hand, 

there is less attention to study collisions between droplets that have non-identical physical 

properties. Especially in term of two miscible droplets that have a different viscosity, which is 

a case that has a considerable probability in spray drying when two droplets that have different 

drying history collide because of the turbulent nature in the spray dryers. 

Because of these qualitative limitations, the existing models of the boundaries between the 

regimes are only valid for identical physical properties, and it is either consider the size ratio 

and neglect the viscosity effect or consider the viscosity and neglect the size ratio. Therefore, 

there is a need to understand the impact of the size ratio at different viscosities and vice versa. 

Moreover, regime maps need to be constructed for collisions of droplets that have non-identical 

physical properties, and models for the boundaries need to be developed. 

In this paper, I will explain the space parameter of the regime maps, the types of collision 

outcomes, and the regime maps. Then the effects of the size ratio and the viscosity will be 

discussed flowed by a summary of the existing models. After this, what is known about 

collisions of miscible droplets that have non-identical physical properties? Finally what kind 

of experimental techniques I have developed in Leeds to meet the aims of this research which 

will be listed after which.  

  



 

The space parameters of the regime maps  
As mentioned above, the regime maps are typically drawn between 𝑊𝑒 and 𝐵. The Weber 

number can be defined as the ratio of the kinetic energy to the surface energy, depicted in Eq. 

(1). While the impact parameter (𝐵) is the normal distance (𝑥) from the centre of one droplet 

to the relative velocity, which is drawn from the centre of the other droplet, normalized by the 

sum of the two droplets radii, depicted in Figure 1 and   Eq. (2). (Ashgriz and Poo, 1990).  

𝑊𝑒 =
𝜌𝑑𝑠𝑢𝑟

2

𝜎
 (1) 

 

𝐵 =
2𝑥

𝑑𝑠 + 𝑑𝑙
= sin (𝜃) (2) 

 

 

Figure 1. Collision impact parameter and relative velocity (Rabe et al., 2010). 

Collisions outcomes  
The outcome of binary droplet collisions have been widely studied in the past (Adam et al., 

1968, Park, 1970, Brazier-Smith et al., 1972, Ashgriz and Poo, 1990, Jiang et al., 1992). 

Ashgriz and Poo (1990). Five outcomes were reported: slow coalescence, bouncing, fast 

coalescence, reflexive separation, and stretching separation. 

 

I. Slow coalescence 

In this type of collision occurs at low relative velocity. This allows enough time to discharge 

the air between the two droplets. Therefore, no air pressure (resistance) between the droplets. 

Thus, coalescence occurs without significant deformation prior to the collision. As shown in 

Figure 2, (Krishnan and Loth, 2015).    



II. Bouncing  

The relative velocity is higher than the case of slow coalescence. Therefore, the air film 

between the two droplets does not have enough time to be discharged. As a result, pressure 

build up will be developed between the droplets and prevent a true contact. This leads to a 

deformation of the droplets. Therefore, the kinetic energy will be converted to surface energy 

and heat by the viscous loss due to the deformation. Therefore, the two droplets will be 

reflected, by the surface tension effect, as shown in Figure 2, (Qian and Law, 1997, Krishnan 

and Loth, 2015).    

III. Fast coalescence 

The relative velocity, in this case, is higher than the case of bouncing. Therefore, the kinetic 

energy is enough to overcome the air pressure between the two droplets. Thus, coalescence 

occurs associated with a major deformation,  as shown in Figure 2, (Krishnan and Loth, 2015).  

 

IV. Reflexive separation 

This type of outcome occurs when the two droplets collide at a relative velocity higher than of 

the fast coalescence at head-on or near head-on collision. The two droplets will temporarily 

merge as in the fast coalescence but with higher deformation. The interfaces will take the shape 

of a pancake. Due to the surface tension effect, the edges of this pancake will suffer fast 

contraction, and as a result, tow drops connected by a ligament will be formed. These two 

droplets will have kinetic energy in directions that are opposite to each other. This kinetic 

energy is enough to break-up the ligament. Eventually, two separated droplets are formed, as 

shown in Figure 2, (Jiang et al., 1992, Ashgriz and Poo, 1990, Qian and Law, 1997, Krishnan 

and Loth, 2015).  

V. Stretching separation 

This collision outcome occurs at a relative velocity comparable to that in the reflexive 

separation, but at impact parameter roughly >0.5 (i.e. grazing conditions). This means a portion 

of the droplets will be merged, while the other portions will try to continue on their initial 

trajectory. As the kinetic energy is high, the non-connected portions will stretch the connected 

portions to form a ligament between two droplets. The high kinetic energy will eventually break 

this ligament, and two primary droplets will be formed, as shown in Figure 2, (Qian and Law, 

1997).  

 



 

Figure 2. droplet-droplet collision outcomes (Qian and Law, 1997). 

Regime maps 
The collisions outcomes are represented in space parameter of Weber number and the impact 

parameter. As 𝑊𝑒 is directly proportional to the squared relative velocity, the regimes will be 

distributed based on their relative velocities. Thus, slow coalescence at low 𝑊𝑒 followed by 

bouncing and fast coalescence, respectively. The reflexive separation and the stretching 

separation are at higher 𝑊𝑒 and low and high impact parameters, respectively, as shown in 

Figure 3, (Qian and Law, 1997, Jiang et al., 1992, Ashgriz and Poo, 1990). 

 

Figure 3. The five regimes of droplet-droplet collision outcome as a function of the Weber 

number and the impact parameter, adapted from (Qian and Law, 1997). 



Weber number does not take droplets size ration and their viscosity into account. Therefore, 

the regime maps vary with the size ratio and the viscosity for collisions of droplets that have 

identical physical properties. 

The effect of the size ratio  
Few studies have covered the impact of the size ratio (Ashgriz and Poo, 1990, Estrade et al., 

1999, Rabe et al., 2010, Ochs III et al., 1995, Tang et al., 2012). By decreasing the size ratio, 

which is defined by the ratio of the small droplet diameter to the large droplet diameter, the 

reflexive separation will be shifted toward higher 𝑊𝑒. Whereas, the stretching separation 

would be shifted toward higher impact parameter (Ashgriz and Poo, 1990, Estrade et al., 1999). 

Figure 4 represents the effect of the size ratio on the regime maps.  

It should be noted that most the authors in the literature proposed using the diameter of the 

small droplet to calculate 𝑊𝑒  (Ashgriz and Poo, 1990, Estrade et al., 1999, Rabe et al., 2010, 

Ochs III et al., 1995, Tang et al., 2012).  

 

Figure 4. The effect of the size ratio on the regime maps of the outcomes of binary droplets 

collisions. Adapted from  (Qian and Law, 1997). 

The effect of the viscosity 
Recently the viscosity effect has received more attention by some authors (Sommerfeld and 

Kuschel, 2016, Kuschel and Sommerfeld, 2013, Gotaas et al., 2007b, Gotaas et al., 2007a). The 

authors reported that increasing the droplets viscosity would enhance the coalescence regime 

by shifting the boundary between the bouncing and the fast coalescence toward lower 𝑊𝑒. This 

could be because that the high viscosity would reduce the deformation before the true contact, 

therefore, less pressure will be built between the droplets as they have curved surfaces rather 

than flat surfaces at the region and the moment of the contact. In addition, increasing the 

viscosity shifts the reflexive separation regime toward higher 𝑊𝑒, while the stretching 

separation will be shifted to higher impact parameters. This is because increase the viscosity 



increases viscose loss and as such higher kinetic energy is needed for separation which is 

proportional to 𝑊𝑒.  Figure 5 shows the effects of the viscosity on the regime maps. 

 

Figure 5. The effect of the viscosity on the regime maps of binary droplet collisions. Adapted 

from (Qian and Law, 1997). 

Modelling of regimes boundaries  
Several studies proposed different models for the boundaries between the collisions outcomes 

in the regime maps. In this section, these models will be reviewed based on the type of the 

boundary. 

Bouncing-fast coalescence (B-FC) 

Very few studies discussed the modelling of the bounce regime. Estrade et al. (1999) conducted 

an experimental work to study the outcome of two ethanol droplets collisions. Estrade et al. 

(1999), based on the balance between the kinetic energy and the surface energy, developed a 

model to evaluate the boundary between bouncing and fast coalescence regime. This model 

considers the size ratio and neglects the viscous dissipation. The model, include a shape factor 

that represents the ratio of the width of the deformed droplet before bouncing to its initial 

diameter and can be taken for either the large or the small droplet.  

Sommerfeld and Kuschel (2016) studied binary collisions of identical size for a wide range of 

viscosities (1-60 mP.s). They used the model of (Estrade et al., 1999) in these different 

viscosities. The shape factor was adapted to let the boundary curve fit the data. 

Fast coalescence-reflexive separation (FC-RS) 

Ashgriz and Poo (1990), conducted extensive experimental work on water droplets collisions 

at different size ratios to develop a model, based on the balance between the kinetic energy and 

the surface energy, to estimate the boundaries of the reflexive separation. This model takes into 

account the effect of the size ratio but negligent the viscosity. 

Qian and Law (1997)  developed a model to predict the critical 𝑊𝑒 between the fast 

coalescence and the reflexive separation at head-on collisions as a function of Ohnesorge 

number (𝑂ℎ), which is the ratio of the viscus force to the surface tension force. The model 



takes into account the viscus dissipation. However, the model is limited for collisions between 

droplets that have identical size. Later, Tang et al. (2012) extended the model of (Qian and 

Law, 1997) to consider the effect of the size ratio. 

The recent studies on collisions of droplets that have high viscosity used the difference between 

the predicted values by the models of Ashgriz and Poo (1990) and  Qian and Law (1997) at 

head-on collisions to shift the former to be adapted to the high viscosity data  (Finotello et al., 

2018, Sommerfeld and Kuschel, 2016) 

Fast coalescence-Stretching separation (FC-SS) 

Ashgriz and Poo (1990) developed a model to estimate the boundary between fast coalescence 

and stretching separation regime. The model considers the effect of the size ratio, whereas the 

effect of the viscosity is again neglected.  

 Jiang et al. (1992) conducted experimental work on the collision of same size binary droplets 

using both water and hydrocarbons (n-alkanes). By taking the viscous dissipation into account 

and doing energy and momentum balance, a model was developed to evaluate the boundary 

between the stretching separation and the fast coalescence regimes. The model includes two 

constants that can be adapted for the viscosity effects (Sommerfeld and Kuschel, 2016, Gotaas 

et al., 2007a, Gotaas et al., 2007b, Kuschel and Sommerfeld, 2013, Finotello et al., 2018). 

Although the model can take the viscosity effect, the effect of size ratio was not considered in 

this model. 

To summarise the existing models, we can say that the current models are either consider the 

effect of the size ratio and neglect the viscosity or consider the viscosity and neglect the size 

ratio or consider both of the viscosity and size ratio, but for head-on collision only, as shown 

in Table 1. 

 

Table 1. A summary of the features of the existing models of binary droplet collisions. 

Models 

The models consider the effects of: 

References  Impact parameter 

range 
Size ratio Viscosity 

B-FC 0-1 ✔  (Estrade et al., 1999) 

FC-RS 0-1 ✔  (Ashgriz and Poo, 1990) 

FC-RS 0  ✔ (Qian and Law, 1997) 

FC-RS 0 ✔ ✔ (Tang et al., 2012) 

FC-RS 0-1  ✔ (Sommerfeld and Kuschel, 2016) 

FC-SS 0-1 ✔  (Ashgriz and Poo, 1990) 

FC-SS 0-1  ✔ (Jiang et al., 1992) 

 

Collisions of droplets that have non-identical physical properties  
To the best of my knowledge, Fritsching (2016) is the only study that has considered collisions 

between miscible droplets that have different viscosities and different size ratios. The authors 

reported that if the higher viscosity droplet is smaller than, the lower viscosity droplet, a 



penetration dynamic might occur, as shown in Figure 6 (A). If the size ratio is close to 1, 

coalescence with slightly mixing or encapsulation could happen, depending on the relative 

velocity, as shown in Figure 6 (B). If the smaller droplet has the lower viscosity encapsulation 

could occur, as shown in Figure 6 (C). Also, a new outcome called partial rebounding was 

reported. This outcome when small droplet has low viscosity collides with a larger droplet with 

a higher viscosity at a certain velocity, so part of the smaller droplet rebound with some of the 

larger droplet, as shown in Figure 6 (D).   

 

Figure 6. Collisions between droplets that have a different viscosity at different size ratios. 

The light colour droplet is the lower in viscosity (2.6 mPa. s) while the dark colour has higher 

viscosity (60 mPa.s). Adapted from (Fritsching, 2016).  

However, there was no regimes map for such study. In addition, the effect of the viscosity ratio 

between the two collide droplets would play an important role in determining the collision 

outcome which also have not been examined yet. 

Experimental side  
Binary droplets collisions rig has been designed and developed using two monodispersed 

nozzles that are fabricated at Leeds University, see Figure 7. The nozzles have five degrees of 

freedom through micropositioner stages to align the collisions. The fluids are pumped through 

the nozzles using high-pressure syringe pumps, type nexus 6000, to overcome the pressure 

drop in the nozzles. The nozzles are designed to allow for changing the dispensing tips. 

Therefore, the droplet size can be varied from few millimetres down to 100 𝞵m, depends on 

the used tip gauge.  



High-speed camera type Photron MINI-AX100 is used in the rig. The camera has a resolution 

of 1024 x 1024 pixels at a frame rate of 4000 fps. The frame rate can be increased up to 540000 

fps at a reduced resolution of 128 x 16 pixels. The maximum shutter speed that can be achieved 

is 950000 s-1. 

The current illumination source we use on the rig is a powerful LEDs array. However, this 

lighting system will be changed by a green strobe LED that we are, currently, building in the 

lab with another strobe LED to be used for side imaging system for alignment purposes.  

For the side imaging, a Basler industrial camera, acA1300-200um, will be mounted on the rig to 

allow for precise collision alignment, as shown in Figure 7. The frame rate of this camera is 

200 fps at a full resolution of 1280x1024 pixels. 

 

 

Figure 7. Binary droplets collisions rig. 



 

Figure 8. A schematic of the binary droplet collisions rig. 

 

Droplet generation 
The nozzle is associated with a piezoelectric chip that provides a certain frequency and 

displacement amplitude for exciting the fluid jet. This frequency and amplitude are controlled 

through a function generator by applying a designed square wave. The excitation leads to break 

the liquid jet into uniform and reproducible droplets chain with spacing often three times the 

droplet diameter. The droplets diameter is around two times the internal diameter of the nozzle. 

Impact parameter  
For a given jets flow rates the collision relative velocity can be varied by changing the angle 

between the two jets, Eq. (3). In this way, 𝑊𝑒 can be varied for a given fluid. In addition, the 

impact parameter can be controlled by putting some delay or a frequency shift between the two 

droplet generators (Gotaas et al., 2007a).  

𝑢𝑟
2 = 𝑣𝑙

2 + 𝑣𝑠
2 − 2𝑣𝑙𝑣𝑠 cos 𝛼 (3) 

Frequency delay method to control the impact parameter 

To achieve collisions with designed impact parameter, a frequency delay between the two 

droplets generators can be applied. For example, if the collision for identical droplets needs to 

be head-on, the frequency of the two droplets generators have to be synchronised with no delay 

between them, as shown in Figure 9 (left). However, if the collision needs to have an impact 

parameter of 0.5, then a delay of a quarter of the wavelength between the two generators needs 

to be applied as shown in Figure 9 (right). In this way, the impact parameter can be controlled. 



 

Figure 9. The effect of frequency delay on the impact parameter. The blue line is the 

frequency of the first drop generator while the red is the frequency of the other generator. 

      

Frequency shift method to control the impact parameter 

By applying two slightly different frequency between the two droplets generators, the impact 

parameter will keep changing periodically between 0 and 1, as shown in Figure 10.  The 

difference in the frequency is in a negligible order to affect the breakup process. The shift is 

often in the range of 0.001-0.002 KH while the droplets generator frequency is often in the 

order of few KHs. The advantage of this method is that collisions with different impact 

parameters can be achieved in one video (Gotaas et al., 2007a). 

 

Figure 10. The frequency shift to varying the impact parameter. The blue line is the first 

droplet generator while red is for the other. 

 

Droplets tracking  
After using one of the two methods above to vary the impact parameter, the values of the 

velocity and the impact parameters are estimated by using a tracking software called Droplet 

morphometry and velocimetry (DMV) that has been developed by (Basu, 2013), see Figure 11. 



This software calculates the velocities, trajectories, size and centres locations prior to the 

collision point. Once these details have been collected for each droplet, a Matlab code was 

developed to correlate the data and then extend them in a higher temporal resolution than the 

imaging speed to allow to estimate the exact collisions point to determine the impact parameter 

for each pair.  

This method allows for accurate estimation of the impact parameter and solves the problem of 

the need for extremely high-speed imaging to capture the exact moment of the collision. The 

issue with the use of the extremely high-speed imaging is the loss of the resolution.  

 

Figure 11. The interface of the DMV tracking software. 

 

Research objectives  
  Studying the effect of the size ratio on the outcomes of droplet collisions at different 

viscosities for droplets that have identical physical properties to understand how the 

viscosity affect the role of the size ratio. 

 Existing the current models to consider the effect of the viscosity and the size ratio. 

These models will be validated against the experimental data.  

 Studying binary collisions of droplets that have non-identical physical properties 

(viscosity and surface tension). The effect of the viscosity ratio between the colliding 

droplets will be investigated. Finally, Regime maps will be constructed, and the 

boundary between the regimes will be correlated. 

 



Conclusions 
Binary droplet collisions of droplets that have identical physical properties have been widely 

studied in the literature. Most of these studies try to produce regime maps for the collisions 

outcomes. These regime maps vary with the viscosity and the surface tension. However, most 

of the studies either neglecting the viscosity effect and considering the size ratio or neglecting 

the size ratio and considering the viscosity effect.  

Collisions of droplets that have non-identical physical properties have been poorly studied. No 

regime maps were plotted and therefore no models for the regimes boundaries. 

A rig was developed to conduct experimental work on binary droplet collisions with a primary 

focus on those gaps.  
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