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Vertical splashing
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Thermal Barrier Coatings
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Hollow sphere model
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Outline
1. Preliminary experiments in Twente
2. Numerical simulations (Gerris):

a) Impact velocity
b) Bubble size
c) Bubble vertical position / Film thickness
d) Liquid properties
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1. Preliminary experiments in Twente
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Jet velocity
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Db* Db/D

δ* δ/D

Vj
Maximum 
jet velocity

vj
Jet 

velocity

Vj* Vj/V

vj* vj/V

P* P/ρV2

*P δp*/δz

Level of refinement: 10 (210 cells in each direction) 
‐> 210*D/L = 491 cells per drop diameter
L/D = 2.08, h/D = 0.478

2. Numerical simulations (Gerris)
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D = 2.75 mm, V = 4.59 m/s 
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D = 2.75 mm, V = 4.59 m/s, 
δ* = 0.0175, Db* = 0.5, Re = 1010PoF, University of Twente (2014)

Bart Vroling and Stef van der Woerdt

Validation
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Db* Db/D

δ* δ/D

Silicon oil 10 cst
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Thin film burst time

Jet impact time

Quantitative analysis

vj

Jet velocity
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Bursting and impact times
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Typical cases of different results on film bursting and impacting of jet and film

δ* = 0.01, V=4.276 m/s, Db* = 0.67

Film bursts before maximum jet 
velocity happens.

δ* = 0.05, V=4.276 m/s, Db* = 0.67

Film bursts after maximum jet 
velocity happens.

δ* = 0.13, V=4.276 m/s, Db* = 0.67

The jet impacts the film before 
it breaks.
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V = 1.50 m/s, 2.58 m/s, 3.19 m/s, 3.73 m/s and 4.13 m/s.
D = 2.75mm, δ* = 0.0175, Db*= 0.5. Marie‐Jean THORAVAL 16

Silicon oil 10 cstMaximum jet 
velocity Vj

The drop 
touches the 
solid surface

Bubble bursts without 
clear counter jet

Burst timeMaximum jet velocity time

2a) Impact velocity
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Simulations for Silicon oil 10 cst
D = 2.75 mm, δ* = 0.0175, Db* = 0.5

Experiments
PoF, University of Twente (2014)

2a) Impact velocity
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Max Vj ~ 0.7Max Vj ~ 0.4
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Origin of the dispersion

Strong dispersion in experiments
Hypothesis:
• Bubble size
• Bubble vertical position
• Compressible effects
• Non‐axisymmetry
• Bubble and drop shape
• …?

Experiments
PoF, University of Twente (2014)
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Maximum pressure on axis  Maximum vertical pressure gradient 
on axis

Impact velocity has little effect on non‐dimensional pressure and
non‐dimensional pressure gradient.
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V = 1.50m/s, 2.58m/s, 3.19m/s, 3.73m/s and 4.13m/s. D = 2.752mm, δ* = 0.0175 Db*= 0.5.

Silicon oil 10 cst

Burst time Maximum jet velocity time

The jump is 
because of the 
film deformation 
before it breaks

2a) Impact velocity
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δ* = 0.017, V=4.276 m/s, Db* = 0.17, 0.33, 0.50, 0.67, 0.83.Marie‐Jean THORAVAL 20

Jet velocity for different bubble diameters

No counter jet

Burst time Maximum jet velocity time

2b) Bubble size
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The relation between maximum jet velocity and
bubble diameter. The max jet velocity can reach
0.55V at Db* = 0.63. The max jet velocity is close to
the experiment results.
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δ* = 0.017, V=4.276 
m/s

Time scaling of burst of thin film 
and maximum jet velocity

2b) Bubble size

15/11/2017



Maximum pressure on axis Maximum vertical pressure gradient on 
axis

Bubble size has significant effect on non‐dimensional pressure and
non‐dimensional pressure gradient
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δ* = 0.017, V=4.276 m/s, Db* = 0.17, 0.33, 0.50, 0.67, 0.83.

Burst time Maximum jet velocity time

2b) Bubble size
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Axis pressure of 
different bubble sizes

Log plot on pressure coordinate

Burst time Maximum jet velocity time

2b) Bubble size
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V = 4.276m/s, Db*= 0.67D, δ* = 0.0067, 0.0210, 0.0335, 0.0670, 0.201.
Marie‐Jean THORAVAL 24

Jet velocity for different film thicknesses

The jet fails to 
come out before 
bubble bursts

Burst time Maximum jet velocity timeJet impact 
time

2c) Bubble vertical position
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The relation between maximum jet velocity and
different film thickness. When δ* < 0.1, the maximum
jet velocity decreases at the increasing of film thickness.
But after δ* > 0.1, the situation is the opposite.
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Burst, impact and maximum jet velocity 
time of different film thickness

Top open drops

Bottom thin 
drops

Ⅰ

Ⅱ

Ⅲ

2c) Bubble vertical position
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Top open drops with different initial distances to the solid surface

Ⅰ h/D = 0.4784

Ⅱ h/D = 0.05

Ⅲ h/D = 0

δ*=0.00167

δ*=0.0168

Thin top film
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Bottom thin drop Bottom open drop

Thin bottom film
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Maximum pressure on axis
Maximum vertical pressure gradient 

on axis

Different film thicknesses can also cause effect on non‐dimensional pressure and non‐
dimensional pressure gradient. But the influence is not as significant as different bubble
size. Marie‐Jean THORAVAL 28

V = 4.276m/s, Db*= 0.67D, δ = 0.0067, 0.0210, 0.335, 0.0670, 0.201.

Burst time Maximum jet velocity timeJet impact 
time

2c) Bubble vertical position
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2d) Liquid properties
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2d) Liquid properties

15/11/2017 Marie‐Jean THORAVAL 30Relation between Re and maximum jet velocity. Db*=0.5, δ* = 0.0175 

V=1.817m/s
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Silicone oil 10 cSt and 20 cSt Water
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Vj* VS Weber number
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Water, silicone 10cSt, 20cSt and 65%glycerin 
with water

Density(Kg/m^3) Surface tension 
(mn/m)

Viscosity(mPa∙s)

Silicone oil 
10 cSt

930 20.1 9.49

Silicone oil 
20 cSt

950 20.8 18.49

water 997 72 1.216

65% 
glycerin 

with water

1165 66.7 12.2
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Time analysis

Silicone oil 10 cSt Silicone oil 20 cSt

water 65% glycerin with water

Burst time vs. We number

Maximum jet velocity time
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Super‐fast jet!
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Vj = 4.4!


