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01 Introduction
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* Source
https://www.maritime-executive.com/article/liquefied-hydrogen-bunker-vessel-designed
HYS Jang, D. I, Kim, J. U., & Park, H. J. (2020). 23}%=2 (LH2) M& 43 9 oFF 7|5

WL, Superconductivity and Cryogenics, 22(1), 4-8.
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01 Introduction

Heat ingress

sk . o
Conwegtion /

N ele L

Vaporization of liquefied gas
Unavoidable

Related with cost and safety
Minimization (Zero Boil-off, ZBO)

Boil-off Rate (BOR)

The amount of liquid that is evaporating from
a cargo due to heat leakage and expressed

in % of total liquid volume per day

Parameter of desion performance
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 BOG inside Cryogenic Fuel Tank in Static and Dynamic Status

*Source

Mutiphase-thermal analysis in
equilibrium status

Real boil-off gas
Different filling ratio

Volume Fraction of LNG
0.0000 0.20000 0.40000 0.60000 0.80000 1.0000

Motion of tank (=sloshing)
Partial cooling

Vaporization

Static condition

Dynamic condition

1) Miana, M., Legorburo, R., Diez, D., & Hwang, Y. H. (2016). Calculation of boil-off rate of liquefied natural gas in mark III tanks of ship carriers by numerical
analysis. Applied Thermal Engineering, 93, 279-296.
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01 Introduction

* QObjectives

To study the BOG/BOR changes affected by dynamic characteristics of
multiphase-thermal flow with phase change in insulated cryogenic fluid tanks
during sloshing motions

A e e H ™
Heat being transferred / ( \
J ‘ l Gas
Thermal conduction Thermal convection Vaporization
(Solid/insulation) (Multiphase fluids) (Phase change)
Filling ratio, Sloshing loads, Boiling points by
pressure variation.........
Multiphysics simulation
- by

* https://www.daikin.com/corporate/why_daikin/benefits/heatpump/

aVHYS
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« Governing equations in control volume approach

« Mass conservation law:

indv +}§pu- da = Jsav

ot
Vv A v
n

n
Za,-p,—=p Za,- =1 5=Zsu,-'ﬂi
i=1 !

i=1

* Momentum conservation law:
%(Jpvdv) + fpv @v-da = — }{pl . da+j£T . da+ngdV + Jfbdv
A A
Vv A Vv Vv

« Energy conservation law (for fluid):

%JpEdV + i (pHV + pl) vda—— j{ q'da+ jﬁ T-vda + Jfb-vdv + JSEdV
vV Vv

» Energy conservation law (for solid):

0 o
aJ]nsc,,rsdv _ i{q q'da+ Jsudv
Vv Vv

HYS

a;: volume fraction of phase i
p;: density of phase i

a: surface area vector

v: mixture velocity

S: mass source term

p: pressure
1 identity tensor

g. gravity

T: stress tensor

f,,: vector of body forces

E: total energy

H: total enthalpy

q : heat flux vector

Sg: energy source term

. total energy

: specific heat

: solid temperature

. volumetric heat source

L op
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02 Numerical Simulation Method

Governing equations in control volume approach
* Multi-physics CFD simulation by STAR-CCM+ (v.15.02)

Numerical modeling

Discretize FVM (Finite volume method)
Multiphase model VOF (Volume of fluid)
Time 2nd-order implicit
Convection 2nd-order upwind scheme
Courant-Friedrichs Lewy (CFL) <0.25
Thermal boundary layer Buoyancy-Driven Two-Layer
Turbulence Realizable k-e
Phase change model Rohsenow boiling model

HYS
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02 Numerical Simulation Method

* Boiling Model

Water + Sfeam
'y o Water + Steam
> = A
. =y Adiabatic [ Outletfregion Loitat
S He——— .
—0 O
3!
. A O el Axis of
> o o | Symmetry
E —{°0
—Jo O | H
H 1 le—— Heated wall 0 .
Heat Flux > I
|
— e— —) |
—
— e——— == !
Adiabatic Inlet region Liiet
W
- ? - 05d [ A
Bubcooled waler Subcooled water
\ Mass Flux /

< Definition of problem (Bartolemei & Chanturiya, 1967) >

Sloshing motion

Natural convection

Calculation time
Bonvs

= \
15 Wall boiling model
E]
E 1
=
(]
T
0.5
(@] Exp.(Bartolemei and Chanturiya, 1967)
Wall Boiling Model
0 Rohsenow Boiling Model
0 0.2 04 0.6
Void fraction
\ J
< Generation of void fraction along height >
< Computational time consumed >
Rohsenow boiling model Wall boiling model
Iterations Total solver elapsed time (s)
10000 2,086 4278
20000 4,165 8,669

» Rohsenow’s boiling model
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* Boiling Point of LN, as a Function of Pressure

-160
: TBoiling,LNZ
-1704
&)
e
5 -180- | ~
5 Ty marne(°C) = 10.392*In(P)-195.24
b= R’ =0.9793
a0 AT
2200 I I I : I I | !
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Pressure(MPa)

Span, R.; Lemmon, E.W.; Jacobsen, R.T.; Wagner, W.; Yokozeki, A., A Reference Equation of State
for the Thermodynamic Properties of Nitrogen for Temperatures from 63.151 to 1000 K and

Pressures to 2200 MPa, J. Phys. Chem. Ref. Data, 2000, 29, 6, 1361-1433,
https://doi.org/10.1063/1.1349047
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under Dynamic
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: LN2 Vertical

C-type Tank

Jeon, G. M., Jeong, S. M., & Park, J. C. (2024).

Experimental and numerical investigation of the influences of
sloshing motion on the change in boil-off gas/boil-off rate in a
cryogenic liquid tank. Ocean Engineering, 298, 117173.




BOG Estimation under Dynamic Condition :

[LN2 Vertical C—tzge Tank
. Experiment - | ) L

Maximum Insulation
Thickness

Minimum Axis

Semi-diameter

Maximum Axis//

Length

Semi-diameter

Minimum Insulation
/ Thickness

K

® Filling level (%): 75, 60, 50, 45, 32
® Sloshing period (sec): 15, 10, 5, 3

® Experiment data obtained:

Temperature from 50 thermocouples

Mass flow rate from outlet

Pressure from outlet

< Outlines of experiment with sloshing motion >




BOG Estimation under Dynamic Condition :
[LLN2 Vertical C-t

e Tank
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* Experiments

5 -
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aVHYS

Comparison of relative mass flow grouped by filling ratio to sloshing period
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LN2 Vertical C-type Tank

« Effect of Physical Models

,[ VOF + noPC L ,[ VOF + PC + constantBP ]\ ,[ VOF + PC + variableBP L
5 - —
—__-’ : :: : 1:‘..,!*
. v

2
b a

Solution Time 47.1009 (s) Solution Time 47.2014 (s)

Solution Time 47.1009 () Solution Time 47.2014 (s) Solution Time 47,2009 (s)

® No phase change (PC) model ® Phase change model ® Phase change model
® No vaporization ® Constant boiling point (—195°C) ® Pressure dependent boiling points

® Excessive vaporization ® Proper vaporization
® Subcooled LN,
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LN2 Vertical C-type Tank
« BOG (Expressed by Mass Flow Rate at Outlet)

\
0.0015
-H-EXP(FR32) -E- CFD(FR32)
—— EXP(FR50) —A—CFD(FR50)
0.0012
Q
[+T]
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@ 0.0009
©
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o
v 0.0006
(1]
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0 Stati T=5 T
\ atic =5s =3s )

< Comparison of BOG at different filling levels and sloshing periods >

=IVHYS
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LLN2 Vertical C-tzge Tank

« BOG and Pressure at Outlet

é 0.0016 ) (1.6 )
_______________________________ o----- || Pressure(bar)
0.0014 1.4 —
FL50 -~
0.0012 1.2
Q (o] o} o] . .
£ 0001 A U
= Q 254%
‘; 0.0008 0.8
9 S
% 00006 ... - @--== mmmmmmmmmmm e 0.6
= —
0.0004 50% 0.4 ----E
0.0002 aexe | || o2 FLS0 B -:1
OCFD 5
0 0
L Static T=5s T=4s T=3s T=2s T=ls JL 0 3 6 9 12 15)
< Comparison of BOG at sloshing periods > < Time-series of pressure at outlet >

HYS
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: LNG Membrane Tank

 Motion Data

Pitch and Roll

*Source - FLOW 3D

Example of LNGC Sloshing

(:.cn._'e:‘r\ —
o A iy
af CFE

|5 E
\%&m 2
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: LNG Membrane Tank

* Forced Sway Motion from Motion Analysis

Surge, Sway, Heave [veloci Roll, Pitch, Yaw [angular veloci

@ :angular velocity

. o) A : amplitude
X =[wdkos| 2=+ , :
T T :Sloshing period

vasseny i)

{ time

Estimated 6- DOF Motlons in Real Sea Status

vel_fullscale_F95H035T075HD135V : vel_fullscale_F95H095T075HD135V

£ £
=y Z
8 8
2 S ’
-0.745 ; -1.93
" | 83I60 | | | 83I80 | | ‘_ 84IOO | | | 84I20 | | | 84I40 | i | 37I60 | | | 37I80 | | ‘_\3’800 | | | 38I20 | | | 38I40
Time (sec) Time (sec)
v Regular small sway case @A =0.745 v' Regular large sway case @A =1.93

aVHYS



BOG Estimation under Dynamic Condition  -21/4-
: LNG Membrane Tank

* Forced Sway Motion from Motion Analysis

» Sloshing (Sway Motion ) Period :T
* DNV, Sloshing Analysis of LNG Membrane Tanks, 2014

» Resonance Period for longitudinal liquid motion(Lamb, 1932)

27
1, = L : Length of the Tank
T h
\/zg ta“h(f) h : Height of water filled in the Tank
Amplitude (m) Sloshing period (s)
0.745
Regular 103 5.262 6.262 7.262 8.262 9.262
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05 Conclusion

* To Estimate BOG/BOR in Cryogenic Liquid (LN,, LNG)
Tanks under Dynamic Motion [Real Scale & Real Liquid]

e Multi-physics Stmulation Technique was Developed
* Comparisons with Experiments Show Good Agreement

» Sloshing Effect Should be Considered.
* Negative Pressure Occurrs around the Corners of the Tank
Affects the BOG/BOR

« Multi-physics Simulation 1s a Useful Tool for Complex Physical
Phenomena

aVHYS
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Topics for On-going and Future Works

e Reason for BOG/BOR Increase (under Short-period olfwMotion)

I : Resonant Sloshing, Increase of Interface Area..
any .,.. g Sl ‘ : WL
E Parameter Studli Based on Relevant Non- dimensional Num imbers -
" (suchas J acob ﬁ | ibi

34: Z1= =

’* Broaden thec
= Appllcahons.

———

‘« Get New Experimental

aVHYS
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