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INTRODUCTION
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COMMON PROBLEMS IN SHIPPING & SPACE INDUSTRIES

Cryogenic sloshing ... a common problem in shipping & space industry

LNG ship
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MOTIVATION

» Typical phenomena which occur in rockets with cryogenic tanks at accelerated phases are
— Sloshing (aerodynamic forces & stage/booster separations)
— Stratification and draining

Pressurisation Pressurisation Pressurisation

Linear first mode l

sloshing ! Natural convection !
! boundary IayV!J\

Avi

LH2

v
LOX
HE
\i_/-rhermal e
: stratification Increased mixing
i due to sloshing ;
a) Sloshing: Forces and Damping b) Stratification and Draining ¢) Sloshing: Pressure evolution
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LN2 SLOSHING EXPERIMENT SETUP
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LN2 EXPERIMENTAL SETUP

system

Measurement rods

74 Temperature sensors
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Measurement rod drive/ Hpmrall |

DLR Hexapod system with LN2 tank

=
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ISOTHERMAL SLOSHING EFFECTS

EXPERIMENT VS. CFD
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SLOSHING - FORCES AND DAMPING

solver Model

isothermal B 600 mm  Isothermal sloshing Experiment
effects RGN 600 mm  Isothermal sloshing Flow-3D v11.0.4 1-4 -
(IR 600 mm  Isothermal sloshing Flow-3D v11.0.4 2-4 k-w
EI 850 mm  Isothermal sloshing Experiment - -
Pressurisation ZEVO 850 mm  Isothermal sloshing THETA 5-6 -
l Linear first mode

sloshing

Acceleration of the tank X(t) = —w?x, sin(w t)

Excitation parameters

i Case | Excitation frequency f Excitation amplitude x,
i o 0.7 Hz 10 mm
i Excitation
direction
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NUMERICAL METHODS - SLOSHING COMPUTATIONS

* Numerical methods of Flow-3D and the DLR Theta Code for the sloshing computations

/ Flow-3D \
— Volume of fluid method

— Incompressible solution of the Navier-Stokes
equations

— GMRES algorithm for the pressure solution

— Second order accurate discretization for
inviscid and viscous terms

— Constant fluid properties

— laminar flow / k-w turbulence models

/ DLR Theta Code \

— Volume of fluid method, VOF transport by the
CICSAM method

— Incompressible solution of the Navier-Stokes
equations

— Second order accurate scheme

— Multigrid

— Constant fluid properties

\ 4

CICSAM = "Compressive Interface Capturing
Scheme for Arbitrary Meshes”
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MESHING — SLOSHING COMPUTATIONS

DLR Theta FLOW-3D

z

Grid parameters

Number of [ Minimal grid  spacing [ Wall normal
grid points | AxAyAz grid spacing

Flow3D

800000 0.97cm x 0.97cm x 0.97cm An*,. =100 _
1600000 0.76 cm x 0.76 cm x 0.76 cm  An*,.. = 90
3200000 0.61cm x 0.61cm x 0.61cm An*.. =80
6400000 0.48cm x 0.48cm x 0.48cm  An*,. = 62
€1flem Number of Wall normal distance to first
grid points mesh node i
1000000 0.10 mm Ant, . =17 !
I 1840000 0.05 mm An*.. =0.9 ,;H i |
N |
Hybrid grid Grids used for Flow-3D and the DLR Theta Code Cartesian grid

No-slip boundary conditions at tank walls
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SLOSHING - EXPERIMENT VIDEOS

\]

Case 1, sloshing video Case 4, sloshing video
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SLOSHING - FORCE HISTORY FLOW-3D

Case 1b, exited sloshing phase
Free surface height
0.6238

1.30 I
|| 0.6183
| 0.6128
Z
0.6073
0.6018
0.5964
0.5909
-0.10 i f f ' !
-510 -.255 0.0 .255 510
X

FLOW-3D 1=290.29956 y=-2.480E-01 ix=2to 85 kz=210 116
o
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excitation

Case 1b, liquid force
evolution during
damping (no
exciatation)

200

150

100

Case 1b, liquid force_ | fI j
evolution during

FriqudN

-50

-100}
-150}

-200
5

100

80

60

40

FriquidN)
(=]

FLOW-3D computes

16% lower force

amplitudes

-100
0

Case 1, measurement|]
Case 1d, Flow3D

Case 1 measurement

Case 1d Flow3D

5 10 15
t(s)
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SLOSHING — DAMPING RESULTS  ,,,»  Damping vs. Grid

l O Case l1 a-d
x Casele-g
1 I UL IO Equation5 o
3 é Case 1
Ca = ar’ Measured . Case !
V2 0.8F O Caseda-4br
Galilei number, ratio of product of Qosb T —— — . l
gravity and inertia forces with viscous forces
) T S T — —
o
- 1z Nl e e
D =0.79 Ga 4f(§). S
Semi-empirical damping correlation? 1 N 6
x10°

1Stephens, D. G., Leonard, H. W., Perry, T. W., "Investigations of

the Damping of Liquids in Right Circular Cylindrical Tanks, Including .
the Effects of a Time-Variant Liquid Depth", Nasa Langley Research o

Qenter, TN-D-1367, Hampton, VA, 1962 / .
/@ ananecroup L R e

Damping coefficients

Cases 1 a —d (FLOW-3D laminar, grid study)
Case 1 e — g (FLOW-3D turbulet, grid study)
Case 4 a— b (TETHA laminar, grid study)
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DRAINING EXPERIMENT
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Draining — Experiment and computation

Flow solver Model
I 1080 mm  Draining  Experiment -

1080 mm Draining  Flow-3D v.11.1 7 K-w

Pressurisation

Natural convection Flow param eters
boundary layers

Liquid saturated at 1.1 bar = pressurized to 4 bar

Initial Pressure | Draining
Pressure volume flow pressurlsatlon temperature
rate flow rate

O MRVIEEEN 0.4 MPa 1.4l/s approx. 0.015kg/ls 235 K < T < 252
K

/

Thermal
stratification

b) Stratification and Draining Flow parameters
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GRID, BOUNDARY AND INITIAL CONDITIONS

Constant pressure 130
boundary 6 mm steel inner
235 K<T<252 K . tank shell with conduction

173

Simplified baffle
Symmetry

142

q= h(Twall,inner - Twall,outer)

111

No-slip boundary
at the tank surface

300 K constant
reference 010 00 ! 0515

Initial fluid temperature contours

0.10 4 t i
Prescribed outflow t'o R oot Number of | Minimal grid spacing AxAyAz
velocity id | grid points

80234 0.3cm x 0.3 cm
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RESULTS OF THE DRAINING EXPERIMENT AND COMPUTATIONS
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Fill level (black), pressure (magenta), vapor flow rate (red),
and liquid flow rate (blue) for filling experiment case 2 a

Temperature
contours at
case2a

0.10

CFD (Flow-3D)

1.30 l

0.0

R
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RESULTS OF THE DRAINING EXPERIMENT AND COMPUTATIONS

Flow-3D temperature contours

R=200mm att* =400 s Comparison of measured and computed
1.30 F 91.1 fluid temperature contours cases 2 and 2 a

1200 ! ! ! ! ! !
| 89.6 : : 3
1000 ® o QDT .

o B

86.6 =
£
E 600 gDt pfl G5 T e B
N
85.1
AOO R v g S G
— 83.6

200 Pt S e o t=1357000e+00hf ° ("=0s
: : : 0 t=1418111e+00h|| *+ t"=220s

82.1 O  t=1.480500e+00 h e t*=444 s

e 8 0515 80 100 120 140 160 180 200 220
T(K)

R
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SLOSHING & STRATIFICATION

EXPERIMENT VS. ANALYSIS
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SLOSHING - STRATIFICATION EXPERIMENT

ER 600 mm Non-isothermal sloshing ~ Experiment
3a 600 mm Non-isothermal sloshing  Ullage pressure solver 8

Pressurisation

l Parameters of sloshing computations and experiments

I
Initial Pressure [ Draining GN2 temperature
Pressure volume flow pressurlsatlon
rate flow rate

|
|
: = approx. 0.018 kg/s  approx. 210 K
I
I

Natural convection
boundary layers

%
0. *

a .
--------

! _ Flow parameters
- Pressure at saturation

X(t) = —w?x, sin(w,t)

Acceleration of the tank

Excitation
direction Excitation frequency f Excitation amplitude x.

| 0.7 Hz 10 mm

c¢) Sloshing: Pressure evolution

Increased mixing
due to sloshing

Excitation parameters
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NUMERICAL METHOD OF THE ULLAGE PRESSURE SOLVER

Simplified 1-D modeling

Second order accurate discretization of the energy equation in the liquid
Single-node approximation of the ullage assuming the ideal gas law is valid
Energy equation is solved with heat and mass transfer '
Constant transport properties in the liquid and ullage
Increased heat transfer in the liquid to model sloshing =
\\ /I

Example-schematic of the ullage pressure solver
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SLOSHING & PRESSURE EVOLUTION

Grid, boundary and initial conditions

Prescribed GN2 mass flow and Number of grid points | Minimal grid spacing Az
temperature IEIN 1000 6 mm

Grid parameters

Ullage vapor heat transfer

\

q= hA(Tullage — Twair)

AV,
Prescribed heat transfer C £ S __TT
into the liquid — ! '|
L’ ! '|
|
' |
|
|
|
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SLOSHING & PRESSURE EVOLUTION Sloshing initiated

l Experiment results Minimum pressure
0018 700 1200 ;
of §%°o
. 0.0161 600 1000 ................. ““““““““““““““ ............... S O& “““““““““““““““ ]
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: g 0.01= o y ! : : :
! 2 £ 8- E 6008 oo B o o
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| \z - :
: 0.006 | 400
faliall A 200f
— | '|T 0.004 - : —
F | ' 100 2006 t = 3.322780e-02 hf
| ' \ 0.002 ' t = 5.594000e-01 h
! t = 8.578000e-01 h
: o0 ) 160 180
! Fill level (black), pressure (magenta), and vapor flow rate (red)

Sketch of the LN2 tank during sloshing
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SLOSHING & PRESSURE EVOLUTION

l Comparison of the ullage pressure solver with the experiments

Case 3
------- Case 3a

<
p (bar)

1 i i i i i i
i 0 0.2 0.4 06 08 1 1.2
. th)

Pressure evolution of the
experiment and computation

Sketch of the LN2 tank during sloshing

35

1_51 ...... FTTRT ...... : RSP SRR
’ Case 3
: : : o Case 3a
; : :
0 0.2 0.4 0.6 08 1 1.2
t(h)

Vapor mass evolution of the
experiment and computation
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SLOSHING & PRESSURE EVOLUTION

l Comparison of the ullage pressure solver with the experiments

- z 600 fT
| : Case 3 Q0
I sl N Case 3a
i : : 500 @
I 35
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0 M i L L I L L L
: 0 02 04 Jt'(sh) 08 ! 12 78 80 82 B84 86 88 90 92
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Sketch of thelLN2 tank Pressure evolution of experiment Liquid temperature distribution of

during sloshing and computation the experiments (circles) and
computation (solid lines)
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CONCLUSION
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CONCLUSION

Comparisons between Experiment & Numerics
 Sloshing: Forces and Damping

« Draining: Stratification

» Sloshing: Pressure evolution

Valuable results were obtained with cryogenic sloshing experiments

- Improving CFD model

- Enhancing CFD phase change model for VoF methods

- Validating simplified phase change models tuned with sloshing experiments

- Simplified modelling approach predicting pressure evolution appears to be a good choice

Lessons learned valuable for future LNG sloshing experiments
« Experiment set-up > measurement rods beneficial
» Experiment / CFD + analysis comparisons
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