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The sloshing assessment of Liquefied Natural Gas
(LNG) tanks represent a challenge for the industry.
GTT uses a Froude similar model scaled down,
most of the time, at 1:40 using all real-life conditions.

Observed high variability of local pressure are
caused by [1]:

• Development of free surface instabilities such as
Kelvin-Helmholtz and Rayleigh-Taylor.

• Fall of droplet into the interface after impact.
• Random production of bubbles in the liquid.

Free surfaces instabilities are strongly related to
surface tension and viscosity, which are much
larger for the model than
scale 1 [2-3].

Larger structures are
therefore observed on
the scaled model, which
impact the interface
behavior variability and
unpredictability [4].

Scale 1:6 Scale 1

• Develop a complete numerical model able to simulate multiphase
flows with free surface instabilities by implementing the surface
tension.

• Validate the model with (2) benchmark simulations.
• Apply the model to a Kelvin-Helmholtz problem in order to see its

ability to predict free surface instabilities.

Based on CADYF, a finite element program for the analysis of Navier-
Stokes problem. Developed at Polytechnique Montréal under the direction
of Pr. D. Pelletier.

Monolithic resolution of Pseudo-Solid mesh deformation and NS
equations of two-phase flows separated by a Lagrangian described
interface.

Adaptive mesh algorithm allows to generate a new calculation grid
when deformations are too important. Remeshing iterations also refine
mesh along the interface proportionally to curvature.

Surface Tension Implementation
Interface mesh allows us to have direct boundary conditions:
• Velocity equalization
                  𝒖𝑭𝒍𝒖𝒊𝒅	𝟏 = 𝒖𝑭𝒍𝒖𝒊𝒅	𝟐
• Mesh displacement equalization
                 	𝒗𝑭𝒍𝒖𝒊𝒅	𝟏 = 𝒗𝑭𝒍𝒖𝒊𝒅	𝟐
• Tangential stress equalization

         𝝈𝑭𝒍𝒖𝒊𝒅	𝟏 , �̅� = 𝝈𝑭𝒍𝒖𝒊𝒅	𝟐 , �̅�
• Surface tension

𝝈𝑭𝒍𝒖𝒊𝒅	𝟏 , 𝒏0 = 𝝈𝑭𝒍𝒖𝒊𝒅	𝟐 , 𝒏0 + 𝛾𝜅𝒏0   with   𝜅	 = 𝒙5𝒚557𝒚5𝒙55

(𝒙5𝟐9𝒚5𝟐)
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Transient simulations with CADYF using
the shape obtained from Young-Laplace
equation as initial curvature solution:

														𝜅 𝑟, 𝑟?, 𝑟?? = 𝜅@ + 𝛽 𝑦@ − cos 𝜃
with

𝛽 = ∆IJ
K

Displacement of less than 1% of the
radius have been observed.

Shape of an oscillating droplet is given by:

𝑟 𝑡, 𝜃 = 	 𝑅N − OP(Q)R

N

�
+ 𝑅T 𝑡 cos 𝑛𝜃

with
𝑅T 𝑡 = 𝑟Tsin	(𝜔T𝑡)

Analytical Solution
Frequency [5]:

𝜔T = 𝑛Y − 𝑛
𝛾

𝜌[ + 𝜌N 𝑅Y
Damping [6]:

𝜁 = (2𝑛 − 2)
𝑛

𝑛N − 1
�

𝑂ℎ with   𝑂ℎ = Na(bc9bR)
KO Ic9IR

Numerical results

Kelvin-Helmholtz simulations replicate an experiment made by Thorpe [7]
(1969) using a technique first introduced by O. Reynolds to produce
stratified shear flow of immiscible fluids.

Fluid Properties
𝜌[ = 780	 𝑘𝑔 𝑚Y⁄ 				𝜌N = 1000	 𝑘𝑔 𝑚Y⁄
𝜇[ = 0.0015	𝑃𝑎. 𝑠				𝜇N = 0.0010	𝑃𝑎. 𝑠
𝛾		 = 		0.04𝑁 𝑚⁄

Geometry
𝐿 = 1.83	𝑚				𝐻 = 0.06𝑚				𝜃	 = 4.13°
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Multiple simulations with random noises of amplitude 0.1𝑚𝑚 have been
compared with:

• Linear theory
• Thorpe experiments
• Štrubelj simulations [8]

Most unstable wavelength

CADYF 𝜆y ≈ 38	𝑚𝑚
Linear theory 𝜆y = 27	𝑚𝑚
Thorpe 𝜆y = 25 − 45	𝑚𝑚
Štrubelj 𝜆y ≈ 40	𝑚𝑚

Amplitude Growth
• Results from CADYF match

with Thorpe’s experiments until
t = 2.3	𝑠.

• At 	2.3	s , the number of
remeshing iterations increases
drastically, which introduce a
lot of errors.

• CADYF results are much
closer than Štrubelj’s.

Complete analysis of two-phase interfaces have been implemented in CADYF.
Validations from benchmark simulations have shown a good behavior of the
interface under surface tension driven problems.

Kelvin-Helmholtz simulations proved that CADYF can predict free surface
instabilities. However, we have to reduce or eliminate errors introduced by
remeshing iterations in order to simulate the generation of larger unstable
structures.

Also, CADYF needs to be able to follow changes in topology of fluid domains
so it could handle fragmentations and bubbles generated by instabilities. This
can be quite a challenge for Langrangian type interfaces.
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