X-ray visualized interfaces
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Atomization @

o Liquid-gas flows are critical in engineering process innovation and intensification

o Liquid sprays are critical for combustion systems, manufacturing, heat management, chemical processing, painting, e. g.:
» Liquid fuel sprays
» Liquid metal atomization gas liquid gas
» Spray cooling and coating
» Pharmaceutical, food, consumer products
> Fire safety
» Ship wake and sea spray

Fe-Cr ODS Alloy at ~1800 C
|. Anderson, Ames Lab.
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C. Edwards, Stanford University
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Gas-assisted Atomization Phenomena

gas liquid gas

Assisted atomization: breaking of a liquid jet into a spray
(droplet cloud) by a gas co-flow
r FLAPPING

Spray formation: N
o Interfacial instabilities Farago & Chigier, 1992
e Primary break-up Wi b

Near field
Drops/ligaments in turbulence: p
» Secondary break-up
 Turbulent dispersion | 3
o ' Cryogenic, Locke at al. 2010
Mid field
Droplets in turbulence: « Frequency well modeled (Delon et al., 2018)
 Turbulent dispersion « Flapping affects the cascade of mechanisms,
> * Evaporation up to droplet spatiotemporal distributions
" 0. Desjardins’ gr'oup' B « Dimensionality and role of swirl
L VL_,‘ et.‘?"’ ”MF _2023 ' ‘ Effect for high-speed sprays
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Experimental setup

Qrotal = Qsw + Qns = cst

a) side-view b) top-view SR = Qsw

y " Qus
r

gas gas |
mflow| inflow Threshold of
= AN < angular to
longitudinal
momenta ratio
\/

.,
Control parameters: liquid flow rate, no-swirl and swirl gas flow rates =» Re;, Reg, SR

Lasheras & Hopfinger
_ Pglug’ds

2
Weber number We, = —— Gas-to-liquid dynamic pressure ratio M = Zgzjf ARFM 2000
o (]
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Qualitative spray formation pictures in the near-field
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Synchrotron X-ray high-speed imaging

ws%%es A Rack @
e ID19

The E S hrot fé‘\
e European Synchrotron i
"
high-speed
camera
1 s acquisitions
30 — 100 kHz
7/ Um per px
| Field of view 7x7 mm?2
scintillator spray fast shutter

\ | (2
_ yA ﬁ
mirror

800 < Re; < 5000
210* < Rey; <210°
30 < We, <3200

5<M<700
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Présentateur
Commentaires de présentation
Back-lit give a binary information on liquid presence
X-ray yields an intensity that depends on the quantity of liquid present across the beam
Ma=0,94


®)

Intact core

Re; = 800 We, =45
0.00 ms 290 UM > No gas penetrated within the liquid jet’s core
— > Strong signature of flapping
» Formation of bags
» Localized Kelvin-Helmholtz perturbations
» Liquid structure reattachments encapsulate large
air pockets
» Full wetting of the liquid nozzle with high 4
curvature as the liquid jet is accelerated 5 ) O
Machicoane et al., IJIMF 2019
m intact core ® crown
a) {[m & 3 | — :
>
R O5mi e b T *1 b) ¢)
» partial dewetting ¢ unstable crown
.\\ '—/ T —————————
o y " Oo@ i 50 foo ;éo 203 :
y/di M d) e)
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Présentateur
Commentaires de présentation
Unstable crown seems not driven solely by Ug, or Weg, but by M


~ Stable and unstable liquid crown @

Re; = 1100 We, =800 Re; =800 We,; = 1100
0.00 ms 200 Hm Machicoane et al., IJMF 2019 0.00 ms
Re; = 1100, We, = 1350
Gas Liquid Gas

L

with gas swirl
=» Unstable crown

-0.5 0 0.5 -0.5 0 0.5

y/dy : : y/di
Unstable crown at extreme M values, without gas swirl
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Présentateur
Commentaires de présentation
Unstable crown seems not driven solely by Ug, or Weg, but by M


Visualization inside the liquid nozzle

Inside the nozzle

Outside of the nozzle
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®)

Transition between intact liquid core and crown

Re, = 3100 We, =800 Re,
0.00 ms 200 HM 1.3 2.6 5 10 20 %10
Many overlapping interfaces o }I?rtac‘{t‘forel
Many smaller-scale gas ansiiona
) ] 4 Crown
recirculations N 10t | ¢ Unstable crown
« Perforated core » transition ;
between intact core and
crown
2 )
M = Pglg g
- 2
Py
Kinetic energy
arguments seem 103 |
in good ' ® o
agreement for
£ g P th transition to
0.5 0 0.5 crown and 10!

unstable crown
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Présentateur
Commentaires de présentation
Unstable crown departs more and more from centerline as Weg increases


ANKA Phase: from intensity to liquid thickness

%1010
ST Interferences Weitkamp et al.
(X-ray scatter by interfaces) J. of Synchrotron Radiation 2011
4}
2 )
)
- )
o Sensor plane _
J I I(x,y,t) o E ; tal :
! o e 0 » . xperlmen a :
0 104 18.9 % 104 - 105 g 0.3 Theoretical _E
Photon energy (eV) =
Incoming X-ray beam M = j e~ HDh@EY )| © 0 _
energy spectrum Iy(x,y) S o :
— :
X-ray absorption by the liquid jet R i torf 0.0 . ; ; —
follows Beer-Lambert’s law * Remove interterences ~0.4 02 0.0 0.2 0.4
f(x,y,A) Position (mm)
= Equivalent path lenght (EPL) * Retrieve phase map ¢ Normalized radiograph
« Convert into EPL map Phase map

EPL
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Présentateur
Commentaires de présentation
Absorption pure quand WD = 0 pour pas voir les interferences


ANKA Phase: from intensity to liquid thickness  Weitkamp et al., J. of Synchrotron Radiation 2011 @

B o C
100 -
2
el
g .
= 4
-100 +
6
=200
-1.5 0 1.5
y (mm) y (mm)

y (mm)

X-ray absorption by the liquid jet
follows Beer-Lambert’s law

=» Equivalent path lenght (EPL)

¢ = ah(y) +p

RO = 2R [1- (/R

=» Calibrate for the coefficient « and £ (non-monochromatic, spatial and temporal inhomogeneities...)
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Calibration of the phase maps conversion

A Bl ' 0 ; | 1.5
_ g
0.91 im mllla,-lil',ﬂ}
0.5+ _
=100
= = 06}
g 5 o .
= & = |ming(o(x,y)) = f(x)
S o4l £
-200 | =
0.2 .5 F
Dn 03 1 =300
y (mm) t (s)
a, B depend on the sample and on the X-ray wavelength ' 0 '
0 0.5 1 0 0.5 1
t(s) t (s)

= a =091 mm~tand g = 1.12min, (¢) for what follows
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Measurement uncertainties

| | |
2 4 4]
T [rnm] 0 0.5 1 1.5 2 2.5

R (mm)
2D PDF: EPL vs fitted radii

Longitudinal cut along the liquid jet

Limitations of the uncertainties’ evaluation
* Nozzle glare (ANKA Phase is for a single material)
» Interference patterns due to X-ray scattering by interfaces limit the probing of small radius values

= For x > f—é and for EPL > 1 mm, approximately 10% accuracy (~ 20% for smaller thicknesses?)
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Transverse center of mass of the liquid core

Re; = 800

40 < We, < 2000

PDF

B
15} e /ey = 0.9]1
dje/dy = 0.6
d_r'ﬂl,"lrir = 0.4
10+
2
il
5 I II| |II
U J
\ /‘
ke =11
i ! Vi 0 I I
N -1 0.5 0 0.5 |
df2 ¥ 0 d/f2
y/di

30

20+

10+

U, =42 m/s

U, =82m/s

U, =113 m/s
/‘ U, =188 m/s
| U, =271 m/s

0.1 0 0.1
Yﬂff/dﬂ

Simple model of the unstable liquid crown

» Circular cross-section

» Anchored at a given distance from the nozzle’s axis
dje that is varied

» Qualitatively explains the shape of the PDF

Nathanaél Machicoane — Réunion du GdR TRANSINTER - 26 au 28 juin 2023



Temporal dynamics of the unstable crown and role of swirl

Qrotar = Qsw + Qns = cst SR = stirl/Qno swirl
Re; = 800 Weg = 950
0.2 . 25
| ' SR = 08 SR=0
0.1 SR=0.8
T o | - 20
3 5
T stirl -0.1
o | | | | S5
0 0.2 0.4 0.6 0.8 1 ‘;
time (s) N
0.2 %
: 1 10
SR =0 R
0.1
)
=< O 5
S
-0.1
_02 I 1 I I 0 I I 1
0 0.2 0.4 0.6 0.8 1 -0.1 -0.05 0 0.05 0.1
time (s) Y/ Dy

Center of mass along y
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Temporal dynamic of the unstable crown

Bin the signal into « left »,

« right », and « center »

=>» Histogram of the residence
times spent « on the side »

frequency
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¢
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Strong periodicity
signature with swirl
Mean residence time on
the side is twice the
oscillation period

Without swirl, onset of a
slow dynamic which
would required longer
acquisition to investigate

Decorrelation of the liquid
core center of mass is
orders of magnitude slower
than that of the liquid core
length
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Conclusion nathanael.machicoane@univ-grenoble-alpes.fr @

0 Proposed a method to retrieve liquid path using X-ray
o At higher Weg, liquid core undergoes transitions, up to 1.3

10

20 %104

unstable crown, even without gas swirl

» Intact liquid core
» Transitional liquid core
» Liquid crown 104 |

& A

Re,
2.6 5%
Intact core
Transitional
Crown

Unstable crown

» Unstable liquid crown

0 Gas swirl leads to
~ Earlier onset of unstable crown (i.e. at lower We,)

» Much more frequent motions of the gas
recirculation

> Similar PDF for center of mass

0 Open questions
~ Regime map (Re;, Weg, SR)
» Characteristic frequency
of the liquid core motions

RB;

103 |

with and without swirl 10!

(see Kaczmarek et al., IIMF 2022 for flapping and role of swirl at lower We,)
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