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CONTEXT. HYGROGEN TRANSPORT

Hydrogen as a energy vector for transport
Poor volume energy density = liquid

Boil-off
losses LH2 vaporizing in the tank, pressure rise

<loshing GRZ H2 loss to prevent overpressure

At w BOIL-OFF
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flux flux f 4:-,:
gs
\_/ g E; Liquefier
g Liquid Terminal
Boil-off representation . E =
- Experimental/numerical characterization of i @ ("
.l.he phenomenon C?..".':a:'f.'::',‘ nmmt;n m" Liquid Truck
Fueling Station

Sloshing impact on the phenomenon?

Network of the Gas/liquid nitrogen transport [1]
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[1] H2020 Project PRESLHY, public deliverable, 2018



WHAT WE ARE AIMING TO CHARACTERIZE...

W

L2
-3
L3
“
%@
@

areeeen




STATE OF THE ART. BOIL-OFF CHARACTERIZATION H -1

Limited characterization on cryo-sloshing studies LR
Cryo conds WITHOUT sloshing / At Tamb WITH sloshing - | E
Cryo conds WITH sloshing: Modes visualization@ Tamb [2]
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Cryo-flows visualization

 Most PIV: droplets/bubbles  « The very few studies in the ®» Imaging challenge:

flows scope...

. With cryo conds
by = During sloshing
pa Fine resolution
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PIV on cavitating He [4] o-

N2 direct visualization [4]
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[2] S. P. Das and E. J. Hopfinger, “Mass transfer enhancement by gravity waves at a liquid—vapour interface,” IJMT, 2009
[3] B. Nitin et al., “Experimental evidence of enhanced boil-off in isobaric mobile cryogenic vessels”, 1) Refrigeration, 2023
[4] J. Lacapere et al., “Experimental and numerical results of sloshing with cryogenic fluids”, Progess in propulsion Pys., 2009 ﬂ
(5] M. e. Moran et al., " Experimental results of hydrogen sloshing in a 62 cubic foot (1750 Liter) tank”, AIAA Joint Prop. Conf., 1994
[6] K. Harada et al., “PIV measurements for flow pattern and void fraction in cavitating flows of He Il and He I”, Cryogenics, 2006
[7] A. Simonini et al. 2016, “Experimental investigation of Liquid Nitrogen sloshing for space applications”, Space Prop Conf., 2016 ]
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EXPERIMENTAL APPARATUS

e

Test bench A A
o
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_Tank LN, k Void chamber — / - Frequency f MSO 400
~_ — Pos. sensor //////// * (Amplitude A) EQQ 000 - 88 000
e TN 40 - 680
Simplified sketch of the test bench .
Characterization system
A. Direct charac: Sensors P, Q,, T (global)
B. Imaging charac  Optics (local)

Direct instrumentation




IMAGING SYSTEM: OPTICAL APPARATUS

ND-YAG Schlieren

Laser Cam
apparatus sketch — —
< Tracking Liquid Liquid (+gas)
i Interface

Source ND-YAG Quantel® low-coherence
70mJ @ 10Hz/532nm Cavilux® beam @
Reduced intensity (QS- 500 Hz /640 nm
delay, Spot expansion)

SF
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elements Rhodamine Vestosint \ Cutter blade
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Top view of the actual test bench Raw PIV images 8



ACTUAL TEST BENCH

Schlieren
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.  Results

» Direct measurements
Imaging characterization
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A. DIRECT CHARACTERIZATION: SLOSHING MODES

Frequency modes highlighted by:

 Relief flow rate

« Testroom temperature distribution

Gas stratification
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B-IMAGING: AN OVERVIEW OF THE RAW DATA (SCHLIEREN & PIV)
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'B-IMAGINGZ SCHLIEREN SENSIBILITY TO SHARPNESS (STATIC)

Time capture of Schlieren during pressurization, simultaneous Schlieren visualizations (t,.,; x100)
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jon [mm}

Posti

High sensibility Schlieren (cutter blade):

N

B-IMAGING: FLOW TRANSIENT STATE IN STATIC CONDITIONS
(HIGH SCHLIEREN SENSIBILITY)

L

Schlieren during pressurization (t ~ 0)
(video)

abew)

[sminco) Aysuapn

Y axis {height), mm

001

100 150 200

250

T
300 150 400 450

Schlieren signal 5;.,, AU

t=-.10s

10.0

-10 5 0 L 10

- 3
X axis (length), mm
t=5s

-10 5 0 : 10

- )
X axis (length), mm
t=10s

-10 5 0 - 10

o .
X axis (length), mm

-10 - 0 5 10

-5 L
X axis (length), mm

Schlieren images time evolution

14




B-IMAGING: FLOW TRANSIENT STATES IN STATIC CONDITIONS
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'B-|MAGINGZ PHASED MEASUREMENTS ON SINUSOIDAL EXCITATION

Y axis (height), mm

Y axis (height), mm

X (t)

360ft[°]

|
I |-
1 1
|
1
Schlieren signal S..,, AU
100 150 200 250 300 350 400 450
@ 0 122° 180° 238° 302°
10 p— 10 10{ 10 — 10 —amm—
5 5 S 5 5
04 04 04 04 04
-5 -5 -5 -5 -5
-10 4 -10 4 ~10 4 10 4 10 4
T T T T T T T T T T T T T Ll Y T T
-10 0 10 -10 0 10 10 0 10 -10 0 10 10 0 10 -10 0 10
X axis (length), mm X axis (length), mm X axis (length), mm X axis (length), mm X axis (length), mm X axis (length), mm
0° 587 122° 180° 238° 302°
5 b 5 5 5 5
0 : 1ih 0 0 0 0 0
T
-5 I‘lq |l { i!: i -5 -5 -5 -5 -5
!l-ll““ M ‘
' WEIIE R
10 -10 -10 -10 | =10 10
Y ) T Al T Y T T Al T r T r Y \J ol T Y
10 0 10 10 0 10 10 0 10 10 0 10 10 0 10 10 0 10
X axis (length), mm X axis (length), mm X axis {length), mm X axis (length), mm X axis (length), mm X axis (length), mm
0 50 100 150 200

Velocity magnitude, mm/s

Simultaneous Schlieren (low sensibility) and PIV, t-averaged: 6 positions
evenly distributed over the period, fexci = 3.53 Hz, P = 1.8 bar

16



Y axis (height), mm

Y axis (height), mm

B-IMAGING. PHASED MEASUREMENTS, INFLUENCE OF THE
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CHARACTERISTIC IMAGES FOR INTERFACE DETECTION: SCHLIEREN LOW SENSIBILITY
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Raw image pairs
(fake color)

2-pulsed laser beam
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INTERFACE DETECTION AND VELOCITY PROCEDURE

» Matlab « ultrafast Vmap code »
Closed contour detection (1or 2 contours)
"“ Windows correlation @ interface
> 32x32pix2 (0,5mm)
> Interface speed (2pulses, At=1ms)

'
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Y length, mm

B-IMAGING, INTERFACE PDF

P Statistics on 100 images
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INTERFACE PDF

STATISTICS RESULTS

Chaotic interface

9 @
8 2

%% ", Xidg) Jou SNeB o jpd B9eLse1u]

© ¥ o o
2 T ¥ 2 o o @«

o~

o § @

% (pxdgxe) o1y ssneb so) pd asejeiul

£ T Y9 2 5 o v ~N ©

10

0 =) w =
ww ‘ybus) A

% Nx_anxmv Joyjy ssneb x0) jpd aoepolu|

e T ¥ 2 5 o ¢ ~ o

10

-10

wuw ‘yibuej A

Y “(xdgxe) o1y ssneb so) jpd soepeid)

2 I 2 2 o o = & o

o

-10

N
2 E
H E
3 £
2 L
" Wu
M 8
%
fl =
o © E) ey o )
ww ‘yibuey A
% ‘(;xdegxe) souy ssneb o) jpd aoepeiu
] 2 @ 2 & 2 5 o « ~ o & =
N
2 E
2 E
d &
~
" Mv
‘s 8
.'u =
o © ) ey o o
ww ybuel A
Y ‘(xidexe) oy ssned xo) jpd aoeeiu
] 2 2 T ¥ 2 4 o + o o ] =
°
w
N
B £
= 13
N o3
" 1 c
5 k]
.ln >
b ®
t = r
) w E) [ o )
ww ‘yibuey A
5 "(xidexe) ey ssneb s jpd aoepeid)
8 ® @ ¥ 8 2 4 ¢ 4 & o 8 ®
s
w
N N
] £ T
g =R
- | o F ©
n c n
- 5 3
2 * e
' L)
| o

-10

0 =) 0

wuw ‘ybue| A

10

wuw ‘ybua) A

% " XdgxE) oy 55ned o, jpd vepalu)

© % o o
2 I € 2 o o v o o

-10

© =) 0

10

‘yibuey A

X length, mm

X length, mm

X length, mm

=6.28 Hz

'nxcn

% ", XdgxE) Jouy ssned o, jpd Bvee1]

© T o o
2 T ¥ 2 o o @«

o~

o

wuw ‘yibuej A

% Nx_anxmv Joyjy ssneb x0) jpd aoepolu|

~
2 ¥ 2 4 w ¥

o~

0

) © ) 0 )
wuw ‘yibuej A
% ‘(xidgxe) Jony ssneb o) jpd soepoiu
& @ ¢ I ¢ 2 o o < o

o

-10

© =) [y

wuw ‘ybuej A

% {XdEXE) Jolly 58ned o, jpd aoe,
© = o o
2 ¥ Y 2 % e «

10

-10

ww ‘yibuel A

10

10

-10

10

-10

Xlength, mm

X length, mm

Xlength, mm

X length, mm




23

%% (o XAEXE) 03 12y 30} od 90U % {odexe) som 12y 20y jpd aoapaul % '(AAEXE) SoUl 1l 0} jpd @oRy.alLl

s = [N
& 2 2 I & 2 o o v o~ o ] 2 @ T N 2 45 o % & o & 2 2 I & 2 o o + o o

4 m .o -
S
lao Sw
N
S E ]
2 E ] £ z E
2 £ 2 : 2 c
P o % = = = £
" 2 w ~o g © o g
3 3 " c " <
o 2 H x p %
@ -t > «® =
£ ? @ @
> g £ | 5 |7
8 s
k) 2 £
3 ° 3 H
. = i
— > ¢ i -2 3 1%
C 2 @ ° b g z . _
wuw ‘yibuay A m. ? ° e 2 m, g ° ° 3
O ww 'yibuel A ww 'ybue) A
_ % '(}dexe) 11y 12y 20) jpd adejiau]
%6 {dexe) ouy 1ey 03 1od o0zl % (0dEXE) 30Ny 18y 20} jpd aoejsaul § & & 3 & 2 o o <« ~ o
LL g £ 2 T 8 2 ¢ b o o o g 2 & T N 2 o o v o o | R
V :
N ; g ; ’ le
lo
° ‘e
ol 17
A
| w i ai )
LL . ) 2 . £
I g g
T £ £ £ a 2 £
5 : z £ Y e e
3 °% 5 £ ] a ]
u 5 < Lg o f 5 r3y o
G 2 [ c H T ] A 1%
i x 3 2 = 27 B
@ - = £ e °
: ]
Z : : :
S £ 1° 5
5 g §
3 le 3 8 ' 1=
> 7 3 le i
_ _ A n B m o > . s e By - s
ww ‘yibusy A e @ e 0 = wuw 'yibus| A
D B
% (XdEXE) 9Ny T8y Joj jpd avepialu]
_ - % " dEXE) S9N 1l 20} pd 838431l g 2 & 3 & 2 o o <+ o o
54 (adexE) Jouy T oy od sozpnun 8 @ ® X N 2 4 o ¢ o © j
2 = e ¥ & o i
_ _ _ 8 & 2 ¥ ¥ 2 5 o 4 & o HEE—— T
C , ; : : le
Lo
Lo
_ _ Sw
‘o N
o . : E
5 . e :
T 3 ]
— — — B E o E v 1° ..W
= E b £ . 5
i = < o g 3 o
o c 5 " c H x
" 5 K 2 *
5 K x x @
3 ] 2 ]
M ” - x - 5 !
o £ & g
— £ % £ s
= . % g S 17
g T = ! .
; P 7 1? -
2y - > ' 2
A\ ' 5 s = = s o o o o wu 'ybue) A
T Wi Bus) wu "Buel A
% (XdEXE) 91y 18y Joj jpd adeyialul
S % (xdExe) sou yeu 04 4pd eospEUl % '(}dExg) 91y 12y 20} jpd aoejiaIu| | ® € 3 H 2 5 o oW WS
Qe T Re e = se o L L o o [ —
LL —— E——
3 ; . . le
A D le le
C 1°
— “ s
N
E E
T 2 E 2 £ © E
z E s £ < 53
@ = £ 2 0 e §
= =g 5 = " 13
" 2 2 z
5 " 3 2
] 2 5 s
— ] = 3 2 L =
- - = s
. K L9
_ £ w 2 s £
A s s <
e s =
E = 8
3 le ¥ 5 12
2, - i i€ £ '
> 1 '
> Py > w s ° © ° o °
b - ° Py > - ° ;

wuw ‘ybus) A bRt A

wuw ‘yibue) A




CONCLUSIONS

MEASUREMENTS IN CRYOGENICS CONDITIONS

« Security, overpressure/void, sealing (breaking portholes),

probe sticking, condensation...

RESPONSE TO THE EXCITATION, IN
PARTICULAR MODE #1

FLOW CHARACTERIZATION

Good repeatability .
Chaotic modes
A

"« PIV for liquid
Sedimentation/seeding issues (OK for sloshing)
Interface disrupting laser sheet

« Schlieren (various sensibility):
n gradients for stratified/transient flows
-> sensitive even for ~1K range
Interface for sloshed flows with issues:

Optical disturbances (meniscus, in-depth integral)
Lack of tortuosity for good correlation
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' PROSPECTS

* Producing more PIV/Schlieren data:
Various amplitude/frequency/positions conditions
More images per sequence

« Getting more from imaging data:

* Interface: comparison with another algorithm
Interface detection
Bubbles/droplet/convective structures detection?

Work in progress...

 Comparison with model (B. Duret, L. Germes)
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DNS Velocity and temperature fields of sloshed lig/gas hydrogen [9]
Wednesday 10am !
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Phased PIV, mode #1 (3.55 Hz), 400 images (video)
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[9] L. Germes M, B. Duret, J. Réveillon, F-X Demoulin and A. Jarry, Direct numerical simulation of sloshing and phase change in LH2 tanks,10th EUCASS 2023, Lausanne, Switzerland

FluidCV [D. Sedarsky/JB. Blaisot/T.
Chazelle (+ R. Herrera)



THANKS FOR YOUR ATTENTION

2D-BOS Temperature, melting both sides
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Phased PIV, mode #1 (3.55 Hz), 400 images
(video)

CRYOBALL Carnot project
Num. : Benjamin Duret (project leader), Leandro Germes M.
Exp. : Emilien Varea, Tanguy Davin
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Another interface study: Unsteady melting test (video)
[COCHERMAT Carnot Project, T. Davin, L. Danaila, E. Varea]
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