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Motivation: Heat Dissipation Requirements
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Motivation: Cooling Technologies M
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Sefiane and Kosar (2022), Applied Thermal Engineering
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Motivation: Spray Cooling

Liang and Mudawar (2016), Kandasamy et al. (2022),
IJHMT Applied Energy
Classical applications: :

* Internal combustion engines;
*  Turbine blades;
«  Steel industry.

Recent applications:

» Electric vehicles;

» Reactor pressure vessels;

» High power electronic equipment.

Spray cooling’s problem: Consequences:
» Large amount of involved parameters; * Uncertainty about the relevance of hydrodynamic
» Contradictory findings in the literature. parameters on the cooling performance;

* Absence of a unified heat transfer theory.
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Motivation: Single Droplets

| Low complexity Medium complexity High complexity >
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Motivation: Single Droplets oo

/@ ° T e\ Single droplets:
m «  No practical applications;
« Simplifies the phenomena;
Aksoy et al. (2021), Energies » First step to a better understand the relation between the
fluid dynamics and the heat transfer.
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vee Obijectives

Provide a spatio-temporal characterization of the hydrodynamic behavior at the
solid-liquid interface during the impact of a droplet on a heated substrate.

Analyze the solid-liquid interface formed between the droplet and the substrate by
using optical techniques;

Quantify the bubble nucleation and the contact area variations during the droplet
impact.
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Single
Droplet
Impact

GOTAS

Materials and Methods: Optical techniques

Total Internal Reflection

High-Speed Shadowgraphy
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Solid-liquid interface view:
Bubble nucleation and
interface characteristics.

Impact side-view:
Droplet size and impact velocity.
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Materials and Methods: Combined setup

SDG side-view:

Light

Droplet generator
source
Light

diffuser

Pulsed Optical Beam LN
laser filter expander
Mirror Mirror
og - Dove prism TIR interface-view:
B H "5 s

eam igh-speed
corrector camera
N (TIR)

High-speed
camera

(SDG)
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Materials and Methods: Bubble detection

Bubble detection algorithm: Segmentation criteria:
*  Number of nucleated bubbles; » Circularity (closeness to a perfect circle);
* Quantification of the wet, dry, and total » Bubble size.

contact area.

@ Light reflection [x]
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Materials and Methods: Bubble Detection
Single frame after bubble detection:

Image processing
Frame analysis

v

»

Areas detection
(regionprops)

Segmentation criteria

Analyze the next Yes No

frame ¢ ¢

Store the data
Enclose the areas

Finish
No Yes

All frames were
analyzed?

Discard the data

“ = Gas-solid
== contact
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Pure ethanol

Droplet size: 1.43 £0.07 mm .
Frame rate: 6000 fps RESUItS TI R Reglme Map
SDG pixel size: 47.4 pm
TIR pixel size: 31.9 pm

Nucleate b

Deposition oiling
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Results: Bubble Detection, Tw = 200 °C
We =75 We =150 We =230




Results: Number of Bubbles Evolution

oo
Tw = 200 [°C]
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Results: Average Bubble Size Evolution
Tw = 200 [°C]
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Results: Wet Area Evolution

Tw = 200 [°C]

20 " eWe =175
We = 150
We =230
AWe = 300
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Results: Dry to Total Area Ratio Evolution

coe
Tw = 200 [°C]
L oWe =175
0.5 We = 150
104 We = 230
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Conclusions

* Nucleated bubbles reach a peak approximately 2-5 ms after impact across all cases, with dry
areas increasing proportionally to the Weber number during the early spreading stage;
» Droplet breakup causes a suppression of bubble nucleation, disrupting the formation of vapor

pockets at the interface;
» The detection algorithm struggles to accurately detect the bubbles close the liquid lamella rim.
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Next Steps

» Improve bubble detection accuracy by incorporating additional parameters such as aspect ratio or
solidity, and the addition of an adaptative contour to improve accuracy on the liquid lamella rim;
Develop expressions to describe the variation of dry and wetted contact areas and implement them into

a physical model to estimate the heat flux;
» Infrared Thermography experimental data to quantify the heat transfer characteristics associated with
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Next Steps

» Improve bubble detection accuracy by incorporating additional parameters such as aspect ratio or
solidity, and the addition of an adaptative contour to improve accuracy on the liquid lamella rim;
Develop expressions to describe the variation of dry and wetted contact areas and implement them into

a physical model to estimate the heat flux;
» Infrared Thermography experimental data to quantify the heat transfer characteristics associated with

the impact phenomena.

bubbles
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¢ee Materials and methods: TIR

Bubble
Droplet

Interactions at the interface:
Gas-solid contact: Laser beams reflection;
Liquid-solid contact: Laser beams refraction.

Snell’s law:

. sin(6 n . [(n
High-speed M 1t O, = arcsin -t
camera sin(61) n,

Dove prism

Pulsed laser
Interface view
examples:

Significant heat
flux variations
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I\/Iaterlals and methods: Experlmental Setup

T e oA ' k :
. o -] High-speed camera
v .

_— I ‘ o (SDG)

1 Light source ; w . E = 5 = = S S S -. -. Y
d Light diffuser o .| 1. Droplet generator s o
7 R * * > 12. Dove prism e~

A : . Thermocouples 1

{ Pulsed laser

. Infrared thermometer
Optlcal components v v v s s s s s s s S
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Materials and methods: Auxiliary systems

Syringe pump

I

Power supply

Cartridge heaters

GOTAS

Height positioning
mechanism

Droplet
generator

Height adjust

Heated substrate

Surface temperature

controller
ey

Thermocouples
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Auxiliary systems:

Droplet generator;

Height positioning mechanism;
Substrate temperature controller.




vee Materials and methods: Bubble detection

t=10.00 ms

t=10.00 ms

2 mm g . L]

2mm .
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vee Materials and methods: Adaptative Contour

t=30.00 ms

2 mm

Contour addition by the
snake’s method:
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Literature Review: Single Droplet M

Droplet impact on heat substrates:

o - * Film evaporation: conduction and natural convection;

Film * Nucleate boiling: vapor bubbles generation at the interface;

i i
1 1
1 1
1 1
1 [
Film i Nucleate 1 Transition
evaporation i boiling i boiling

i i

1

2 « Transition boiling: formation of a non-continuous vapor film;
= Leidenfi . .- . . .
= e « Film boiling: the vapor film separates the liquid and the surface
2 (Leidenfrost effect).
S |
% Incipience
> of nucleate Convection boiling Nucleate boiling Transition boiling Film boiling
w boiling i o e
“«— Critical heat flux . AR
(CHF) L s . . :
Wall Temperature L L ¢ L
Liang and Mudawar (2017), IJHMT Roisman, Breitenbach and Tropea (2018), IJHMT
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vee Industrial Cooling Systems

Precedence Industrial Cooling Systems Market Size 2023 to 2034
EGEARCH (UsD Billion)

$35.86

35 $34.06
$32.34
$30.72
30 $27.70 $29.17 .
s23.73 S2098 S Impact Analysis of Key Factors ERE
25 - . " MARKET INSIGHTS
s B0 T Global Industrial Cooling Systems Market
20
Global industrializati d risii
: e
10 Strict environmental and energy efficiency ° e
regulations Medium High
5
@
0 Medium High

2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 _—
Lack of skilled labor
Medium High

DRIVERS

RESTRAINTS

Source: httips:/ maww precedenceresearch.com/industrial-cooling-systams-market

£ Adoption of renewable energy based [ [ e

g cooling systems Low Medium High

3

§  Transiion towards energy efficient cooling | W - Q mmmm

&  systems Low Medium High
I tow Medium B High

Source: Primary Research, Desk Research, Paid subscriptions, CMI Data Repository
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Experimental Conditions R X

N-BK7 Dove prism

Total experiments: 80

Fluid: pure ethanol

Droplet size: 1.43 £ 0.07 mm
Weber: 10 — 600

Tw: 23 -400 °C

Frame rate: 6000 fps

SDG pixel size: 47.4 um
TIR pixel size: 31.9 um

GDR Translnter 2025

Aussois | FR



L R R 2

Materials and methods: Bubble detection

Image processing
Frame analysis

v

»

Areas detection
(regionprops)

Segmentation criteria

Analyze the next Yes No

frame ¢ ¢

Store the data

Enclose the areas Discard the data

Finish
Yes

No

All frames were
analyzed?

Single frame after bubble detection:

t=6.60 ms

2 mm

Wet area

Bubble
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Partial Results : SDG and TIR
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Deposition
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