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Abstract  
The present work focuses on experimental study of binary collisions of droplets of suspensions with different solid 
particles concentration. The aim is to study the collision phenomena and derive dominant physical mechanisms of 
binary droplet collision of suspensions. For the process two suspension droplet streams of equal size have been 
generated by means of piezoelectric droplet generators. The drop velocities of the two streams of suspension drops 
have been varied systematically to change the Weber number of the collision. The results help to understand the 
phenomena of binary droplet collision dynamics between droplets from pure fluids and suspensions. 
 
Introduction 

Many numerical and experimental studies have 
been carried out in the past on binary collisions of 
mostly equal sized droplets from pure fluids (water, 
fuels, alcohols …) [1-6]. The application of these results 
for interpretation in other relevant technical cases deal-
ing with different process fluids especially suspensions 
is limited. The outcome of this is a requirement on re-
spective experiments with model suspensions. 

In this paper the results of droplet collision investi-
gations using different liquid and suspension properties 
will be presented. The formation of satellite droplets for 
the case of the “stretching separation phenomenon” in 
binary collisions of equal sized droplets is the subject of 
particular interest.  
 
Experimental Work 

The laboratory spray rig is shown schematically in 
Fig. 1. The central device of the set-up are two piezo-
electric droplet generators. One drop generator is 
mounted on a three-dimensional traversing unit and the 
other drop generator is kept fixed. Additionally to vary 
the collision angles (α) the direction of the droplet 
streams of both droplet generators can be adjusted at 
different angles. In our investigations in most experi-
ments the collision angle is adjusted as α=60°. The feed 
to the droplet generators is carried out with separate  
pressure vessels. The pressure vessels are equipped with 
stirring elements, which keeps the liquid moving in 
order to prevent sedimentation of the suspension parti-
cles. The liquid flow is forced through a nozzle by 
means of a pressure (p=0,4; 0,6; 0,8 and 1bar), where a 
jet with a defined velocity is generated. In order to pro-
duce droplets of equal size (monodisperse drops), the 
piezoceramic vibrator of the drop generator is excited 
with an electrical signal [7]. For the process two droplet 
streams in a diameter range of 370-380µm have been 
produced. The nozzle tip plates used were Pt-Ir plates 
(200µm thick) with single hole of 200µm diameter. The 
mass flow rate is controlled by a valve. The droplet 
velocities of the streams of liquid and suspension drops 

have been varied systematically to change the Weber 
number and impact parameter of the collision.  

For visualization of the collision interactions of the 
drops a CCD-camera is used in combination with a 
matrix of LED´s for a transmitted light illumination of 
the droplet chain. The CCD-camera and illumination 
technique are placed on a separate traverse unit to en-
able changes of the LED´s and camera positions without 
disturbing the drop streams. Only one function genera-
tor is used to drive the LED´s, which is synchronized 
with the excitation signal for the drop generators. As a 
result, the collision outcome may be recorded by the 
CCD-camera as a standing picture. 

In order to determine the effect of the suspended 
solid particles on the collision interactions of the drops, 
different model suspensions based on water with vari-
ous suspended China Clay (δP = 2,6g/cm³) particle con-
centrations (cp = 5, 10, 15 and 20w.%) were used. These 
particles (d50,3 = 10µm) have no spherical shape      
(Table 1).  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1:  Spray rig for analysis of collision interac-

tions of the drops.  
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Solid particle 
Diameter 
d50,3 [µm] 

Density 
ρP 

[g/cm³] 

 
China 
Clay  10 2,6 

Drop 1 Drop 2 Water as carrier liquid 
Suspension with  

cP [w.%] 
Suspension with 

cP [w.%] 
0 
10 
15  

0 20 
5 5 
10 10 
15 15 Pure liquid Water Water 

(ρ=1g/cm³, σ=72mN/m, η=1mPas) 
30w.%Glycerine+ 

70w.%Water 30w.%Glycerine+ 
70w.%Water 

(ρ=1,082g/cm³, σ=56mN/m, η=2,5mPas) 
50w.%Glycerine+ 

50w.%Water 50w.%Glycerine+ 
50w.%Water 

(ρ=1,120g/cm³, σ=57mN/m, η=5,3mPas) 
Table 1: Pure liquids and process suspensions used 

in the experiments at room temperature. 
 
Results and Discussions 

In the present work leadoff investigations of the col-
lision droplets based on model suspensions were carried 
out, as to be more comparable with industrial processes 
such as spray drying, than in case of pure liquid drop 
collision. In order to be able to evaluate the effect of the 
carrier liquid by impact with solid particles on colli-
sional interactions of the drops, the experiments have 
been carried out under comparable conditions as well 
with and as well without particle loading. For the char-
acterization of the collision conditions the Weber num-
ber and the impact parameter were used. The Weber 
number (We) was defined as  

σ
ρ 2uD

We
⋅⋅= , 

where ρ is the density, σ the surface tension, D the 
diameter of the liquid drop and u the relative velocity of 
the two drops. In the case of pure liquids the liquid 
density is used to define the Weber number. For the 
suspension drops, the density of the density mixture, 
dependent on the concentration of particles is utilized. 
The relative velocity is calculated as  
 
 u = (u1² + u2² - 2u1 u2 cos α)1/2, 
 
where u1 is the velocity of drop1, u2 the velocity of drop2 
and α is the collision angle (Fig. 2).  

Second important parameter is the impact parameter 
(B), which characterizes the geometry of impact:  

ψχ
sin

21

=
+

=
rr

B . 

The impact parameter represents the position of the 
dropletsχ  at the moment of contact perpendicular to 

the direction of their relative velocity as seen in Figure 
2.                  
Fig. 2: Geometrical construction of the impact pa-

rameter by the collision of two moving 
drops of unequal size. 

 
By considering the head-on collision of two equal 

size droplets the relative velocity vector coincides with 
the centre-to-centre line (i.e. B = 0). An increase in the 
impact parameter will lead to an off-centre collision (i.e.  
B > 0) until the droplets do not collide each other (i.e.  
B = 1) (Fig. 3). 
 

(a)  
B = 0 

       (b)  
B > 0 

          
Fig. 3: Geometrical construction of the impact pa-

rameter by the collision of two moving 
drops of equal size (a) head-on and (b) off-
center. 

 
The Weber number was mainly controlled by chang-

ing the relative velocity, which was varied by adjusting 
the mass flow rate. The impact parameter was varied by 
positioning the movable drop generator relative to the 
fixed one in the normal direction to the plane of view of 
Fig.1. The impact parameter is directly referred to the 
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scale readings on the micrometer adjustment screw 
placed on the traverse unit.  

The visualization system was used to record the col-
lision outcome as a standing picture. The results were 
then obtained by evaluation of the records. All the ex-
periments were carried out three times to be sure that 
collision conditions were reproducible.  

Further the formation of satellite droplets by stretch-
ing separation phenomenon in binary collisions of equal 
sized droplets based on liquid with and without particle 
loading was investigated. 

 
Binary collision of droplets without particle loading 

Figure 4a-c show results of droplet impacts using 
different liquids without particle loading recorded at 
Weber number of We = 200 and impact parameter of    
B = 0.83. In this figure two droplet streams of equal size 
are seen moving from top to bottom. The droplets col-
lide with each other and move towards left and right. 
Further downwards a ligament formation process is 
recognizable starting from the collision point, which 
results into formation of satellite droplets. The satellite 
droplets are formed when the connecting neck is 
pinched off [2]. 

The influence of the viscosity is clearly seen in    
Fig. 4a-c. In the case by using water droplets (Fig. 4a) 
for collision process a ligament between the colliding 
droplets is formed. By contraction of the ligament four 
satellite droplets are generated in the middle of the two 
bigger droplets, which are called boundary droplets. 
Satellite droplet is a term used to identify droplets, 
whose diameters are much smaller than the other sur-
rounding droplets (boundary droplets).  

 
(a) Water 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b)  Glycerine 30w.%       (c)  Glycerine 50w.% 
       
 

Fig. 4: Influence of viscosity (B=0.83; We=200) 

By using Glycerine with 30weight% in water     
(Fig. 4b), the colliding phenomena is similar to the 
colliding case with water (Fig. 4a) but the amount of 
satellite droplets formed by stretching separation is 
higher. Comparing the results of 30w.% Glycerine with 
50w.% Glycerine in water, it is shown that the higher 
viscosity has no significant effect on the number of 
satellite droplets at a Weber number of 200. The number 
of satellite droplets is more or less comparable to Glyc-
erine with 30w.%. Furthermore it can be seen that the 
formation of two boundary droplet chains before and 
after collision is stable and as a result the formation of 
satellite droplet chains. 

The analysis of the amount of satellite droplets for a 
defined impact parameter and different Weber numbers 
was done by means of an image processing tool. Com-
paring evaluation of occurring of satellite drops after the 
collisions have been made for binary collision of drop-
lets with and without particle loading. The evaluation 
includes the outcome of 9 collision events i.e. 9 pairs of 
boundary drops and their satellites beneath the level of 
impact by starting counting of the first pair of drops, 
where the satellite drop formation is already completed. 
The calculated average over 9 collision events is pre-
sented in the following diagrams. 

Figure 5 shows a diagram with the number of satel-
lite droplets versus Weber number for the case of an 
impact parameter of B = 0.83 and different liquids with-
out particle loading as a basis for comparisons. The 
satellite droplet number values for the three different 
liquids have a minimum at We ~ 200 and increase by 
increasing the Weber number. For the liquid of 30w.% 
Glycerine in water the measured values of satellite drop-
lets for the Weber number in question are higher than 
for water. For an amount of 50w.%Glycerine in water 
the highest satellite droplet numbers for all Weber num-
bers under observation were counted.  

0

5

10

15

20

25

0 200 400 600 800

We [-]

N
um

be
r 

of
 s

at
el

lit
e 

dr
op

le
ts

 / 
co

lli
si

on
 s

te
p 

[-
]

Water
30w.%Glycerine+70w.%Water
50w.%Glycerine+50w.%Water

 
Fig. 5:  Number of satellite droplets versus Weber 

number for different liquid drops at B=0.83. 
 

The number counts of satellite droplets for Glycerine 
(30w.% and 50w.% in water) can be explained by the 
effect of viscosity. In a liquid with lower viscosity the 
perturbations, leading to the ligament disintegration 
may grow faster. In consequence, the break-up time is 
decreased and the ligament length decreases. With a 
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higher viscosity the internal friction of the fluid is so 
high, that perturbations are damped and the break-up of 
the ligament takes place in a greater distance from the 
two collided droplets.  
 
Binary collision of droplets with particle loading  

We consider the effect of particle loading on colli-
sional interactions of the droplets of suspension liquids 
(Fig. 6a-d). Two droplet chains of suspensions with the 
same particle loading of cp=5, 10 and 15w.% were used.  

The photograph (Fig. 6a) shows an unstable forma-
tion of satellite droplets by using suspensions. This 
formation behaviour becomes more pronounced by 
increasing the particle concentration from 5w.% to 
10w.% (Fig. 6b) up to a particle concentration of 
cp=15w.% (Fig. 6c). Furthermore, from the presented 
pictures it can be seen, that by adding solid particles to 
the carrier liquid water, the formed satellite droplets got 
an unequal size.   

(a) cp=5w.% 
 
 
 
 
 
 
  

(b)  cp=10w.% 
 
 
 
 
   (c)  cp=15w.% 

 
 
 
 
 
 
  

Fig. 6: Influence of solid particle concentrations  
(two suspension drops; B= 0.83; We~200)  

 
The resulting number of satellite droplets for an im-

pact parameter of B = 0.83 and different We numbers 
are shown in the diagram Figure 7. 
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Fig. 7:  Number of satellite droplets versus We num-

ber for different particle loadings of two 
suspension drops at B=0.83. 

The number of satellite droplets for the three cases 
(cp = 5, 10 and 15w.%) have a minimum for low Weber 
numbers and increase slightly by increasing the Weber 
number from We ~ 300 and strong to We ~ 450. By 
increasing the Weber number up to ~450 small effect on 
the number of satellite droplets is noticed. For the case 
of cp= 5w.% the measured number of satellite droplets 
for We numbers in question are higher than for the case 
of cp= 10w.%. By suspension drops with highest particle 
loading of cp= 15w.% the lowest satellite droplet num-
bers were counted. For the case of water without parti-
cle loading the trends of the satellite droplet number 
values at different Weber numbers were the same, but 
the measured values were smaller.  Moreover, the num-
ber of satellite droplets for Weber numbers up to ~450 
increases in this case. The effect of the Weber number 
can be observed here. 

It seems that the formation of satellite droplets is in-
fluenced by the particle loading of the carrier liquid. By 
increasing the particle concentration the satellite droplet 
number values decrease. This could be explained by the 
decreased length of the ligament. A higher concentra-
tion of particles in droplets of carrier liquid may stimu-
late the perturbations developed after the collision so 
high, that the local and temporal break-up of the liga-
ment becomes faster. As a result, the number of satellite 
droplets decreases. 

The saturation behaviour for increasing Weber num-
bers may also be due to the particle size, when the di-
ameter of the ligament at break-up is in the order of the 
particle size.  
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Fig. 8:  Thickness of ligament at break-up versus We 

number for particle loading cP= 5w.% of 
suspension droplets at B=0.83. 

 
For the case of suspension droplets with identical 

particle loading cP = 5w.% and for the Weber numbers 
under observation, the length and thickness of the liga-
ment at break-up have been measured (Fig. 8 and     
Fig. 9). Fig. 8 shows, that the thickness of the ligament 
break-up decreases with increasing the Weber number 
while in Fig. 9 the length of the ligament at break-up is 
seen to increase. From these behaviour it can be noticed 
that at lower Weber numbers (We ~ 200) the solid parti-
cles are still good covered from the ligament. For higher 
Weber numbers (We up to ~ 500) the solid particles are 
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in the order of the diameter of the ligament at break-up 
(30 -40µm). That means, with increasing Weber number 
a critical value may be reached at which the number of 
satellite  droplets becomes constant.  
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Fig. 9:  Length of ligament at break-up versus We 

number for particle loading cP= 5w.% of 
suspension droplets at B=0.83. 

 
Binary collision of droplets from liquids with and 
without particle loading 

In these series of experiments the collision process 
between suspension drops with particle concentration of 
cP= 10, 15 and 20w.% and pure water drops are carried 
out. In Figure 10a-c the images of collision process 
between suspension drops and water drops of equal size 
are seen moving from top to bottom with the water drop 
being right. The suspension drop at different particle 
concentration (left) collided with the water drop and 
moved right while the water drop moved left. 

 
 (a) cp=10w.% 

 
 
 
 
 
 
  

(b)  cp=15w.% 
 
 
 
 
   (c)   cp=20w.% 

 
 
 
 
 
 
  

Fig. 10: Influence of solid particle concentrations 
(one suspension and one water drop; 
B=0.83; We~200) 

 
The presented pictures (Fig. 10a-c) show similar col-

lision phenomena as seen in Figure 6 by using two sus-
pension drops. The particle loading of the carrier liquid 

here leads also to an unstable formation of satellite 
droplets. By increasing the particle concentration the 
unstable formation of satellite droplets is more pro-
nounced.  

In Figure 11 the number of satellite droplets for an 
impact parameter of B = 0.83 and varied Weber num-
bers by using two different drops, one suspension drop 
with particle concentrations of 10, 15 and 20w.% and 
one water drop,  is shown.  
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Fig. 11:  Number of satellite droplets versus We 

number for different particle loadings of one 
suspension and one water drop at B=0.83. 

 
It can be seen, that for the case of suspension drop 

with particle concentration of cP= 10, 15 and 20w.% 
collided with water drop the number of satellite droplets 
have a low value at We ~ 200 and increases with in-
creasing the Weber number at We ~ 300 but a further 
increase  of the Weber number leads to higher values of 
satellite droplet number. By increasing the Weber num-
ber up to ~450 nearly the same values of satellite drop-
let number were measured. The effect of particle load-
ing on the results of the satellite drop number values at 
different Weber number was the same as shown in the 
case of the collision process between two suspension 
drops (Fig. 7). But with the difference that these meas-
ured values were smaller.  

Figure 12 shows the results of satellite drop number 
values for the collision process between suspension 
drops (cP= 5 and 10w.%) and one suspension (cP= 10 
and 20w.%) and one water drop of equal size at an im-
pact parameter of B = 0.83.  

The satellite number values of droplets for the two 
cases (cP= 5w.%; cP= 5w.% and cP= 10w.%; Water) 
have the same tendency. The number of satellite drop-
lets have a minimum for low Weber numbers and in-
crease by increasing the Weber number up to a maxi-
mum. For the case of different particle loading of two 
collided drops (cP= 10w.%; Water) the counted values 
of satellite number droplets for the Weber number in 
question are lower than for the case with similar particle 
loadings (cP= 5w.%; cP= 5w.%). Comparing the results 
for the collision process of two suspension drops (cP= 
5w.%, cP= 5w.%) with one suspension and one water 
drop (cP= 10w.%; Water), which have the same particle 
loading at the moment of  drop collision (collision 
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drops before
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point), it is shown that the different particle loading of 
the drops before collision has an effect on the satellite 
droplet number values.  
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Fig. 12:  Comparison of the number of satellite drop-

lets versus We number for different particle 
loadings of one suspension and one water 
drop and two suspension drops at B=0.83. 

 
By increasing the particle concentration of two col-

lided droplets (cP= 10w.%; cP= 10w.% and cP= 20w.%; 
Water) a similar trend on the results of the satellite drop 
number values at different Weber numbers was ob-
served, but with the difference that these counted values 
were smaller.  

The reason for this phenomenon cannot be derived 
at the present stage of the investigations. For this pur-
pose more differentiated investigations will be done. 

 
Conclusions 

In the present investigations an experimental study 
of binary collisions of equal sized drops in off-center 
collisions has been carried out. The formation of satel-
lite droplets by stretching separation phenomenon in 
binary collisions of drops of liquid with and without 
particle loading was investigated. In order to determine 
the effect of suspended solid particles concentration on 
the collisional interactions of the drops process suspen-
sions based on water with various suspended China 
Clay particle concentrations were used. For visualiza-
tion of the collisional interactions of the drops a CCD-
camera is used in combination with a matrix of LED´s 
as illumination technique. 

The evaluation of the recorded images of the colli-
sion process by using pure liquids with different proper-
ties have shown that the formation of satellite droplets 
for all Weber numbers under observation at an impact 
parameter of B = 0.83 is influenced by the viscosity 
effect. By increasing the viscosity the satellite droplet 
number values increase. 

The measurements of the number of satellite drop-
lets with a different loading of China Clay particles 
have shown that the increase of solid particle concentra-
tion leads to a decrease in the satellite droplet number 
values. It seems that the influence of the solid particle 
concentration is more significant than that of the viscos-
ity. 

The comparison of the satellite droplet number val-
ues for two suspension drops and one suspension and 
one water drop with the same particle loading at the 
moment of drop collision does indicate an effect of 
unlike drops on the collision process. The measured 
values of satellite droplet number by collision of one 
suspension and one water droplet are lower for the We-
ber number in question than for the case with two sus-
pension droplets. More differentiated investigations will 
be done to identify this phenomenon.  

 
Further experiments for a more detailed analysis are 

planned for different solid particle sizes, shapes and 
concentrations. In this context different impact parame-
ters variation studies will be included in the investiga-
tions. 
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