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Abstract

The present work focuses on experimental studynarip collisions of droplets of suspensions witffedtent solid
particles concentration. The aim is to study thiéiston phenomena and derive dominant physical rapigms of
binary droplet collision of suspensions. For thecpss two suspension droplet streams of equalhsize been
generated by means of piezoelectric droplet georarathe drop velocities of the two streams of sasppn drops
have been varied systematically to change the Webeber of the collision. The results help to ustierd the
phenomena of binary droplet collision dynamics lestvdroplets from pure fluids and suspensions.

Introduction have been varied systematically to change the Weber
Many numerical and experimental studies haveumber and impact parameter of the collision.

been carried out in the past on binary collisiofis 0 For visualization of the collision interactions thfe

mostly equal sized droplets from pure fluids (waterdrops a CCD-camera is used in combination with a

fuels, alcohals ...) [1-6]. The application of thessults matrix of LED’s for a transmitted light illuminatioof

for interpretation in other relevant technical cadeal- the droplet chain. The CCD-camera and illumination

ing with different process fluids especially susgiens technique are placed on a separate traverse ueit-to

is limited. The outcome of this is a requirementren able changes of the LED’s and camera positionsuith

spective experiments with model suspensions. disturbing the drop streams. Only one function gene
In this paper the results of droplet collision istke tor is used to drive the LED’s, which is synchrexliz

gations using different liquid and suspension prigpe  with the excitation signal for the drop generatdks.a

will be presented. The formation of satellite degplfor result, the collision outcome may be recorded lg th

the case of the “stretching separation phenomeiton” CCD-camera as a standing picture.

binary collisions of equal sized droplets is thbjsat of In order to determine the effect of the suspended

particular interest. solid particles on the collision interactions oéttirops,
different model suspensions based on water witl var

Experimental Work ous suspended China Clay € 2,6g/cm3) particle con-

The laboratory spray rig is shown schematically imentrations (¢= 5, 10, 15 and 20w.%) were used. These
Fig. 1. The central device of the set-up are two piezgarticles (dps = 10um) have no spherical shape
electric droplet generators. One drop generator (Fablel).
mounted on a three-dimensional traversing unit thed

other drop generator is kept fixed. Additionallyvary FLUD / FLUD /
the collision anglesa) the direction of the droplet SUSPENSION SUSPENSION
streams of both droplet generators can be adjusted COMF’EESSED 'COMF’IEESSED
different angles. In our investigations in most exp e X —ba—
ments the collision angle is adjustedoa$0°. The feed ® OROPLET ®
to the droplet generators is carried out with satear 1) GENERATORS ( v

STIRRER

pressure vessels. The pressure vessels are equifiped  strrer |

stirring elements, which keeps the liquid moving in U
order to prevent sedimentation of the suspensioti- pa PRESSURE
cles. The liquid flow is forced through a nozzle by VESSEL
means of a pressure (p=0,4; 0,6; 0,8 and lbar);enhe Vi
jet with a defined velocity is generated. In ortepro- (o)D) i
duce droplets of equal size (monodisperse drops), { i

H H i . . CCD-CAMERA . LED’S
piezoceramic vibrator of the drop generator is texki E— —
| s I s |

PRESSURE
VESSEL

with an electrical signal [7]. For the process tivoplet P
streams in a diameter range of 370-380pm have beer— Funerion
produced. The nozzle tip plates used were Pt-liepla COMPUTER

(200pm thick) with single hole of 200um diameteneT

mass flow rate is controlled by a valve. The dropléFig. 1: Spray rig for analysis of collison interac-
velocities of the streams of liquid and suspensimps tions of the draops.
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Solid particle Second important parameter is the impact parameter
Diameter Density (B), which characterizes the geometry of impact:
China dso.3[HM] Pr B=_A =siny -
Clay [g/cm?] r+r,
10 2,6 The impact parameter represents the position of the
dropletsY at the moment of contact perpendicular to
Drop 1 | Drop 2 the direction of their relative velocity as seenFigure
Water as carrier Liquid 2.
Suspension with Suspension with
Cp[W.%] Cp[W.%]
0
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(p=1g/cm3,0=72mN/m,n=1mPas)
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70w.%Water

30w.%Glycerine+
70w.%Water

(p=1,082g/cm?3,0=5

6mN/m,n=2,5mPas)

50w.%Glycerine+
50w.%Water

50w.%Glycerine+
50w.%Water

Fig. 2. Geometrical construction of the impact pa-
rameter by the collison of two moving

drops of unequal size.

(p=1,120g/cm3pg=57mN/m,n=5,3mPas)

Tablel: Pure liquids and process suspensions used

in the experiments at room temper ature. By considering the head-on collision of two equal

size droplets the relative velocity vector coinsideth

Results and Discussions the centre-to-centre line (i.e. B = 0). An increas¢he

In the present work leadoff investigations of tioe ¢ impact parameter will lead to an off-centre cotirsi.e.
lision droplets based on model suspensions weredar B > 0) until the droplets do not collide each otje.
out, as to be more comparable with industrial sses B = 1) Fig. 3).
such as spray drying, than in case of pure liquampd
collision. In order to be able to evaluate theaffaf the
carrier liquid by impact with solid particles onlico B=0
sional interactions of the drops, the experimerseeh
been carried out under comparable conditions atk wel
with and as well without particle loading. For ttiear-
acterization of the collision conditions the Welnem

o - . _ Drop, Drop2 Drop, *,
ber and the impact parameter were used. The Weber e%
number (We) was defined as

(b)
B>0

2 ;
We= PO o/ \u
o u; : u, A
where p is the densityo the surface tension, D the o

diameter of the liquid drop and u the relative eélpof ‘

the two drops. In the case of pure liquids theitiqu F19- 3: Geometrical construction Of the impact pa-
density is used to define the Weber number. For the rameter by the collison of two moving
suspension drops, the density of the density mextur drops of equal size (@) head-on and (b) off-
dependent on the concentration of particles iszetil center.

The relative velocity is calculated as .
The Weber number was mainly controlled by chang-

ing the relative velocity, which was varied by atjog
the mass flow rate. The impact parameter was vényed
positioning the movable drop generator relativahie
fixed one in the normal direction to the plane iefw of
Fig.1. The impact parameter is directly referredhe

1/2

u=(u2+ u?- 2y U, cosa)

where y is the velocity of drop u, the velocity of drop
anda is the collision angleFjg. 2).



scale readings on the micrometer adjustment screw By using Glycerine with 30weight% in water
placed on the traverse unit. (Fig. 4b), the colliding phenomena is similar tce th

The visualization system was used to record the catolliding case with water (Fig. 4a) but the amooft
lision outcome as a standing picture. The resuisew satellite droplets formed by stretching separatisn
then obtained by evaluation of the records. All &xe higher. Comparing the results of 30w.% Glyceringhwi
periments were carried out three times to be duae t 50w.% Glycerine in water, it is shown that the e@gh
collision conditions were reproducible. viscosity has no significant effect on the numbér o

Further the formation of satellite droplets by sthe  satellite droplets at a Weber number of 200. Thalver
ing separation phenomenon in binary collisionsopfadé  of satellite droplets is more or less comparabl&iiec-
sized droplets based on liquid with and withouttiper  erine with 30w.%. Furthermore it can be seen that t
loading was investigated. formation of two boundary droplet chains before and

after collision is stable and as a result the faionaof
Binary collision of droplets without particle loading satellite droplet chains.

Figure 4a-c show results of droplet impacts using The analysis of the amount of satellite dropletsafo
different liquids without particle loading recorded defined impact parameter and different Weber number
Weber number of We = 200 and impact parameter ofas done by means of an image processing tool. Com-
B = 0.83. In this figure two droplet streams of @gsize  paring evaluation of occurring of satellite droftemathe
are seen moving from top to bottom. The droplets cocollisions have been made for binary collision of
lide with each other and move towards left andtrighlets with and without particle loading. The evailoat
Further downwards a ligament formation process iscludes the outcome of 9 collision events i.eagof
recognizable starting from the collision point, @i boundary drops and their satellites beneath thel lefv
results into formation of satellite droplets. Tratedlite impact by starting counting of the first pair ofogs,
droplets are formed when the connecting neck ishere the satellite drop formation is already ccetgal.

pinched off [2]. The calculated average over 9 collision eventsrés p
The influence of the viscosity is clearly seen irsented in the following diagrams.
Fig. 4a-c. In the case by using water droplets. (#&) Figure 5 shows a diagram with the number of satel-

for collision process a ligament between the cinifid lite droplets versus Weber number for the casenof a
droplets is formed. By contraction of the ligamémir  impact parameter of B = 0.83 and different liquidth-
satellite droplets are generated in the middlénheftvo out particle loading as a basis for comparisonse Th
bigger droplets, which are called boundary dropletsatellite droplet number values for the three ciifit
Satellite droplet is a term used to identify drégle liquids have a minimum at We ~ 200 and increase by
whose diameters are much smaller than the other surcreasing the Weber number. For the liquid of 36w.

rounding droplets (boundary droplets). Glycerine in water the measured values of sateltiop-
lets for the Weber number in question are highanth
(a) Water for water. For an amount of 50w.%Glycerine in water

the highest satellite droplet numbers for all Wetn@m-
bers under observation were counted.

25

-@- Water
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(b) Glycerine 30w.% (c) Glycerine50w.%

Fig. 5: Number of satellite droplets versus Weber
number for different liquid drops at B=0.83.

The number counts of satellite droplets for Glyaeri
(30w.% and 50w.% in water) can be explained by the
effect of viscosity. In a liquid with lower visctgithe
perturbations, leading to the ligament disintegrati
may grow faster. In consequence, the break-up ime
decreased and the ligament length decreases. With a

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



higher viscosity the internal friction of the fluid so The number of satellite droplets for the three sase
high, that perturbations are damped and the brpat¢u (c,= 5, 10 and 15w.%) have a minimum for low Weber
the ligament takes place in a greater distance tl@n numbers and increase slightly by increasing the aieb

two collided droplets. number from We ~ 300 and strong to We ~ 450. By
increasing the Weber number up to ~450 small efiact
Binary collision of dropletswith particleloading the number of satellite droplets is noticed. Fa& thase

We consider the effect of particle loading on eolliof ¢,= 5w.% the measured number of satellite droplets
sional interactions of the droplets of suspensiguids for We numbers in question are higher than forctse
(Fig. 6a-d). Two droplet chains of suspensions with thef g,= 10w.%. By suspension drops with highest particle
same particle loading of=5, 10 and 15w.% were used. loading of g= 15w.% the lowest satellite droplet num-

The photograph (Fig. 6a) shows an unstable formbers were counted. For the case of water withotit-pa
tion of satellite droplets by using suspensionsisThcle loading the trends of the satellite droplet bam
formation behaviour becomes more pronounced hmalues at different Weber numbers were the sanite, bu
increasing the particle concentration from 5w.% tthe measured values were smaller. Moreover, the nu
10w.% (Fig. 6b) up to a particle concentration ober of satellite droplets for Weber numbers up 466~
c,=15w.% (Fig. 6c). Furthermore, from the presentethcreases in this case. The effect of the Weberbeum
pictures it can be seen, that by adding solid glagito can be observed here.
the carrier liquid water, the formed satellite dedp got It seems that the formation of satellite droplstgi
an unequal size. fluenced by the particle loading of the carrieuld By
(a) cp=5w.% increasing the particle concentration the satedfliitgplet
number values decrease. This could be explaingteyy
decreased length of the ligament. A higher coneentr
tion of particles in droplets of carrier liquid magimu-
late the perturbations developed after the cohisso
high, that the local and temporal break-up of tlya-|
ment becomes faster. As a result, the number eflisat
droplets decreases.

The saturation behaviour for increasing Weber num-
(b) c,=10w.% (c) cp=15w.% bers may also be due to the particle size, wherdithe
ameter of the ligament at break-up is in the oaléhe
particle size.
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Fig. 6: Influence of solid particle concentrations 7

(two suspension drops; B= 0.83; We~200)
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The resulting number of satellite droplets for am i
pact parameter of B = 0.83 and different We numbers
are shown in the diagraRigure 7.
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Fig. 8: Thicknessof ligament at break-up versusWe
number for particle loading ce= 5w.% of
suspension dropletsat B=0.83.

For the case of suspension droplets with identical
particle loading €= 5w.% and for the Weber numbers
under observation, the length and thickness ofijae
ment at break-up have been measurEi. (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 bregkis
seen to increase. From these behaviour it can tieedo
that at lower Weber numbers (We ~ 200) the solitipa
cles are still good covered from the ligament. ligher
Weber numbers (We up to ~ 500) the solid partiates

Number of satellite droplets /
collision step [-]

—t— —t— —t— .
0 200 400 600 800
We [-]

Fig. 7. Number of satellite droplets ver sus We num-
ber for different particle loadings of two
suspension drops at B=0.83.



in the order of the diameter of the ligament atkrap

here leads also to an unstable formation of seelli

(30 -40um). That means, with increasing Weber numbdroplets. By increasing the particle concentratiba
a critical value may be reached at which the nunalber unstable formation of satellite droplets is more-pr

satellite droplets becomes constant.

1 -/ 5w.%+5w.%
4+
34
2+ A/A/A//A

Length of Ligament at
break-up [mm]

0 200 400 600 800

We [-]

Fig. 9: Length of ligament at break-up versus We
number for particle loading ce= 5w.% of
suspension droplets at B=0.83.

Binary collison of droplets from liquids with and
without particle loading

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 suspensiop d
with particle concentrations of 10, 15 and 20w.% an
one water drop, is shown.
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Fig. 11: Number of satellite droplets versus We
number for different particle loadings of one

In these series of experiments the collision preces suspension and one water drop at B=0.83.

between suspension drops with particle concentratio

¢= 10, 15 and 20w.% and pure water drops are carried |t can be seen, that for the case of suspensign dro
out. In Figure 10a-c the images of collision processyuith particle concentration ofss 10, 15 and 20w.%
between suspension drops and water drops of efeal Sojlied with water drop the number of satellitefglets

are seen moving from top to bottom with the watepd

have a low value at We ~ 200 and increases with in-

being right. The suspension drop at different pti creasing the Weber number at We ~ 300 but a further

concentration (left) collided with the water dropda
moved right while the water drop moved left.

(a) c;=10w.%

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

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

increase of the Weber number leads to higher saifie
satellite droplet number. By increasing the Wehenn

ber up to ~450 nearly the same values of sateltibp-

let number were measured. The effect of particéello

ing on the results of the satellite drop numbenssalat
different Weber number was the same as shown in the
case of the collision process between two suspensio
drops (Fig. 7). But with the difference that theseas-
ured values were smaller.

Figure 12 shows the results of satellite drop number
values for the collision process between suspension
drops (¢g= 5 and 10w.%) and one suspensiopr (&0
and 20w.%) and one water drop of equal size atran i
pact parameter of B = 0.83.

The satellite number values of droplets for the two
cases (& 5w.%; ¢= 5w.% and g 10w.%; Water)
have the same tendency. The number of satellite-dro
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 loadingiveb
collided drops (&= 10w.%; Water) the counted values
of satellite number droplets for the Weber number i
question are lower than for the case with simikatiple
loadings (g= 5wW.%; &= 5w.%). Comparing the results
for the collision process of two suspension draps (

__The presented pictures (Fig. 10a-c) show similéar cosw.%, = 5w.%) with one suspension and one water
lision phenomena as seen in Figure 6 by using 86 s drop (= 10w.%; Water), which have the same particle

pension drops. The particle loading of the cadigrid

loading at the moment of drop collision (collision



point), it is shown that the different particle dirdg of
the drops before collision has an effect on thelli#at
droplet number values.
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20 + —O— 10w.%+10w.% —@ - 20w.%+Water
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Number of satellite droplets /
collision step [-]
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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 (&= 10w.%; ¢= 10w.% and & 20w.%;
Water) a similar trend on the results of the sit¢etirop
number values at different Weber numbers was o
served, but with the difference that these countddes

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 th
moment of drop collision does indicate an effect of
unlike drops on the collision process. The measured
values of satellite droplet number by collision afe
suspension and one water droplet are lower foi\fee
ber number in question than for the case with tu® s
pension droplets. More differentiated investigasiovill
be done to identify this phenomenon.

Further experiments for a more detailed analyss ar
planned for different solid particle sizes, shapes
concentrations. In this context different impactgpae-
ters variation studies will be included in the istiga-
tions.
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