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General context

Spray/wall interactions: Collision of droplets onto heated wall

Direct injection engines Spray cooling

Heat treatment in the metal processing industry

Cooling of a steel band by water sprays
in the hot rolling process

French ANR program IDHEAS in cooperation with Arcelor-Mittal



Impact parameters

Impact dynamical parameters (case of a perfectly flat substrate)
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Many properties of the impacts in the Leidenfrost regime are function of We:

Biance et al., JFM, 2006.

Contact time (tc) Hatta et al., Journal of Fluids Engineering, 1997.

) Hatta et al., Journal of Fluids Engineering, 1997.

Spreading time (tx Biance et al., PoF, 2011.

,Max

Rosa et al., ICLASS, 2006.

Onset of splashing Castanet et al., IJHMT, 2010.

Bernardin and Mudawar, Journal of Heat Transfer, 2004.

Leidenfrost temperature (TLefd) Yao and Cai, Experimental Thermal and Fluid Science, 1988.

Karl and Frohn, PoF,2000.
Hatta et al., Journal of Fluids Engineering,1997.
Tran et al., PRL, 2012.

Maximum spreading diameter (8,,,,)

Karl and Frohn, PoF, 2000.

Coefficient of restitution (COR) Biance et al., JFM, 2006

What about the viscosity?



Flow inside the lamella
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Asymptotic remote solution (Yarin and Weiss 1995, Roisman et al., 2009)
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Valid at high Reynolds and Weber numbers (typically Re>25) and t*>0,5



Viscous dissipation

Boundary .
Wetting surface layer Comparison between SHS and
Leidenfrost boiling
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Mechanisms for the frictions at the
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Experimental configuration

* High-speed shadow imaging

Monodispersed droplet

stream

(size: about 100 um)

High-speed camera
(Phantom v710)

* Investigated conditions

Water 65% -glycerol 35%
Water 56% -glycerol 44%

Water 50% -glycerol 50%
Water 40% -glycerol 60%
Water 35% -glycerol 65%
Water 30% -glycerol 70%

HMI lamp
(P=450W)

Nickel substrate
(@ 25 mm, 500 um thick)
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u E} - Power supply

- Cooling circuit

Induction rings

Zoom lens
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101-163 1.57-6.10 4-52 175-810 9.85e-3
109-139 0.84-3.10 3-40 71-256 2.5e-2
160-164 13-5 4-66 65—225 3.16e-2
145-154 1-45 3-50 34-140 5.02e-2
114-129 2-6.7 9-88 38-111 8.22e-2
170-200 1-5 3-86 15-78 1.19e-1
98-159 3-7.7 15-152 17-67 1.93e-1
230-297 1.8-5.5 14 - 160 17-63 2.16e-1



General phenomena

High-speed Shadow imaging
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Collision of the
inner edge of
the rim



Effect of the Weber number
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Time evolution of the horizontal spreading for drops
made of 40% water and 60% glycerol by volume.



Maximum spreading diameter

Maximum spreading factor as a function of the Weber number
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Maximum spreading diameter: scaling analysis

High viscosity liquids : glycerol mixtures
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Experimental correlation : Bmax = 1+ 7.7 - 1072 Re'/SWel/?

Bmax~Re’> (high viscosity limit for the impact on a wetting surface)

~Wel/2 (non-dissipative limit) 10
max



Maximum spreading diameter: scaling analysis

Low viscosity liquids : Water and ethanol

10°;
= Water [% ]
A Ethanol o
O Water (Tran et al., 2012) %%
O Ethanol (Chaves et al., 1999) @L@
—
| 0
g 10 [
Q.
1
10 N
| Il | L1
- 0 2 3
10" 10 10" 10 10



Spreading model (version 1)

Rim propagation approach initiated by Roisman et al. (2002) and Roisman et al. (2012)

Basic assumptions:

e Therimis a torus of sectional radius a.

e The remote asymptotic solution is adopted (high Re and We)

i hn) - d=2R+a) |
i i ’ i
e a i / \\i Rp: radial position of the rim
[ | I e R . . .
v ‘-’——/—1-hc '\ s a:sectional radius of the rim
\":*;’ ; ‘-’/>§ Wg: volume of the rim
RR:dc/Z i dx/z |
Mass conservation: W, =(2xR,)7a’
R 67R,’
w, :z_f 2ﬂh(r,t>dr:£exp e 5
6 0 y\ 6 <t—|—T>
drop Lamella
volume volume

Here, the parameters are made dimensionless by d, and wu,. -



Spreading model (version 1)

Momentum conservation:

W, R, =S, I{F, ~F,~F,)

F,= (RR —un.m)2 Momentum associated with the inflow from the lamella
Fo = 2 Capillary f
v = apillary force
Welh(R,,t) biiary
F,= ° Viscous stress
Re(t+T)
Sk =27R, %(RR,I‘) Area of the interface lamella/rim
R : - , :
u, = . +R Mean velocity of the liquid entering the rim
4

Resolution : e« Runge-Kutta (RK4)

« Initial values of Rz and Ry are adjusted so that d, has the same
value and the same rate of expansion in the simulations and in the

measurements at t = 0.5.
13
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Measurements vs. theoretical model (v1)

Plain lines= experiments, dot lines=model

Water

2 *
t

——We=5, Re=221
——We=12, Re=317
—— We=26, Re=464
——We=32, Re=551
—— We=44, Re=752
We=54, Re=712

0.5
0

44% Glycerol

We=3, Re=34
We=9, Re=59
We=14,Re=75
We=22,Re=94
We=33,Re=115
We=44,Re=129
We=63, Re=160

3.5

0.5
0

70% Glycerol

We=17,Re=19
We=49, Re=31
We=82, Re=41
We=110, Re=51
We=146, Re=61
We=161, Re=63
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Measurements vs. theoretical model (v1)

Solid lines= experiments, dot lines=model

Tliquid=23oc Water Tliquid= 100°C

—— We=5, Re=221
—— We=12, Re=317
—— We=26, Re=464
— We=32, Re=551
—— We=44, Re=752
We=54, Re=712

0.5 ‘ ‘ 0.5
0 0

Influence of the temperature used to calculate the liquid properties (p, |, o)
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Lamella thickness: comparison with experiments
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Boundary layer entrainment

continuity of
shear stress at
the interface

|

i Lamella

| Boundary layer Viscous film
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(drag-out) .
rim

l Vapor film
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Spreading model (version 2)

Momentum conservation:

W, R, =S, [{F, ~F,~F,)

R

a : adjusting parameter accounting for the lack of momentum transferred to the rim

F,= (RR —u,,.m)2 Momentum associated with the inflow from the lamella
= 2 Capillary f
= apillary force
7 Welh(R,,t) PIary
_6(1+a) Viscous stress
“ Re(t+7)

Sy =27R, [B(R,,t) Area of the interface lamella/rim

_ (1+a)R,

, Mean velocity of the liquid entering the rim
rim t + T

Mass conservation: W, =(2R,)7a’

Rr
w, :%— 27rh(r,t)dr:%exp

18



Measurements vs. theoretical model (v2)

Solid lines= experiments, dot lines=model

Water

——We=5, Re=221
——We=12, Re=317
—— We=26, Re=464
——We=32, Re=551
—— We=44, Re=752
We=54, Re=712
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44% Glycerol
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We=3, Re=34
We=9, Re=59
We=14,Re=75
We=22,Re=94
We=33,Re=115
We=44,Re=129
We=63, Re=160
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70% Glycerol

We=17,Re=19
We=49, Re=31
We=82, Re=41
We=110, Re=51
We=146, Re=61
We=161, Re=63
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Adjustment of the flow velocity at the entrance of the rim
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lllustration of the sensitivity to the adjustment of a.
Case of water droplets
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Velocity increase at the entrance of the rim
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Weakly deformed
droplets

(description of the lamella is not valid)

= Water

4 Ethanol

+ Glycerol 35%/Water 65%

e Glycerol 44%/Water 56%

e Glycerol 60%/Water 40%
Glycerol 65%/Water 35%
Glycerol 70%/Water 30%
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Velocity at the entrance of the rim: U, = g
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Velocity increase at the entrance of the rim

Values of a obtained at the plateau for the high We
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Simulations of the spreading based on the model

Simulations of the spreading of water drops assuming a = 0.47
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Verification of the independence of f,,4, On the droplet size



Outlooks

Comparison to DNS

1.5
Theoretical model DNS
(ax =0.47) (Dawi et al. ILASS, 2013)
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A comprehensive model including the vapor film thickness and the
vapor flow rate



