Surface tension implementation, verification and
validation for separated two-phase flows

S. Fortin!, S. Etienne!, C. Béguin®, D. Pelletier!, L. Brosset”

! Mechanical Engineering Department, Ecole Polytechnique de Montréal
* Liquid motion department, GTT (GazTransport&Technigaz)

17 Octobre 2017

OTT_
|

Expert in LNG

y) POLYTECHNIQUE
MONTREAL

S. Fortin & al. MULTIPHASE 2017 Polytechnique Montréal 1/23



N
Outline

o Surface tension implementation in CADYF

Q Verification and validation
@ Water droplets shapes under the effect of gravity
@ Water droplets oscillation

o Numerical Simulation of Kelvin-Helmholtz Instability
@ Model presentation
@ Results

S. Fortin & al. MULTIPHASE 2017 Polytechnique Montréal 2/23



Surface tension implementation in CADYF
Outline

o Surface tension implementation in CADYF

S. Fortin & al. MULTIPHASE 2017 Polytechnique Montréal 2/23



About CADYF

(]

Developed at Polytechnique Montréal.

(]

Stands for Computer-Assisted DYnamics of Fluids

(4]

Finite element program for analysis of planar, axi-symmetric,

axi-symmetric swirl and three dimensional Navier-Stokes flows.

o Particularities :

o Transient simulations with adaptive time step and order.

o Two-phase flows (fluid-structure and fluid-fluid) using interface
tracking method.

o Monolithic resolution between phases and pseudo-solid mesh
deformation.
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Surface tension implementation in CADYF

Surface tension calculation

@ Interface curvature is
computed using the following
relation :

@ Imposition of contact angles :
X/y” _ y’x” p g

- (x2 +y’2)3/2
where the derivatives are

computed using parametric
finite differences.

@ 7, is applied using reaction
method.

Ty = 0Khe
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g Verification and validation
@ Water droplets shapes under the effect of gravity
@ Water droplets oscillation
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g Verification and validation
@ Water droplets shapes under the effect of gravity
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\EGTEIINIENREIICE Ml \Water droplets shapes under the effect of gravity

Theoretical Background

@ Young-Laplace equation.

y(r,r'sr") =2+ Bra — cos()]  with

o Solved with ODE45 from Matlab.
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Verification and validation Water droplets shapes under the effect of gravity

Numerical simulation

. . . . DT T
@ Transient simulation with P 0 4 8 1215 20 20 28 a2 3

CADYF using the shape from o
Y-L equation as initial
interface shape.

AIR

Y (m)

o

.002

@ Displacement of the interface
is less than 5.1073 (mm) for
a mesh of 66 elements at the
interface.

X (m)
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Verification and validation Water droplets oscillation
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g Verification and validation

@ Water droplets oscillation
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Verification and validation Water droplets oscillation

Theoretical Background

@ Shape of an oscillating droplet :

R, (t)2
r(t,0) = | R2 — (2t) + R,(t) cos(nf)
where R is the steady droplet radius and
Rn(t) = rpsin(wpt) is the oscillation of
the droplet.
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Verification and validation Water droplets oscillation

Theoretical Background (Fundamental Frequency)

o Potential energy of a 2D o Frequency of a 2D oscillating
oscillating droplet : droplet.
k o
om, - — % _ (3 _ N -
EP = O-L" — keq = ?(n _1) wn meq (n n) (Pl + PZ)R3
o Kinetic energy of a 2D Fundamental
oscillating droplet : n  Frequency (Hz)
2r [ dd 2 20.8
E, = B/ {d)] Rd6 4 65.8
2 Jo drl,—r '
(1 + )7TR2 6 123.1
Mg = LTI 8 190.7
n
where ® is the velocity Same relation as Lord Rayleigh
potential. (1879).

S. Fortin & al. MULTIPHASE 2017 Polytechnique Montréal 8 /23



Verification and validation Water droplets oscillation

Theoretical Background (Equivalent Damping)

o From the Batchelor formula we find the dissipation power in the
global system :

. 2
Py = ceqRn :2;;1/9 e,-lje,-ljdV+2u2/Q e,-zje,-zjdV
1 2

k k
with e = (a”" 2 )

u 2 (9XJ 8X,'
which gives us : Damping
- n  Ratio ¢
¢(=(2n—-2),/ 5 Oh 2 0.192 %
nc—1
4 0.365 %
~27(pr + p2) 6 0.488 %
avec Oh= 7(101 + p)Ro 8 0.588 %
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Verification and validation Water droplets oscillation

Numerical Simulation

0.01

@ Transient simulation with
CADYF (water/air) using the

0.008

fully deformed interface as oouefs
initial shape. vm

o 23 000 stabilized P1-P1
elements (80 on the interface) 002

was found satisfactory.
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ation Water droplets oscillation

Verification and va

Numerical Simulation : Results
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Verification and val Water droplets oscillation

Numerical Simulation : Results

Amplitude (mm)
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Verification and validation Water droplets oscillation

Numerical Simulation : Animation

O times slowed down
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Numerical Simulation of Kelvin-Helmholtz Instability
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Q Numerical Simulation of Kelvin-Helmholtz Instability
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@ Results
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Numerical Simulation of Kelvin-Helmholtz Instability Model presentation
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Numerical Simulation of Kelvin-Helmholtz Instability Model presentation

Thorpe's experiment

o Comparison with Thorpe's

p=308H ___—
experiment (1969) : LG et
P11 = 780kg/m3 \ il w_ n
u1 = 1.5mPa/s B
p2 = 1000kg/m?3 \/\v sill n B
p2 =1.0mPa/s | = L Lt
o =0.04N / m TR =k W}
0 =4.1°
L3 213
: t=00s :

[ e ——
: t=18s :
M
1 t=24s 1
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Numerical Simulation of Kelvin-Helmholtz Instability Model presentation

Dimensional analysis

o 5 dimensionless numbers (U, = v/gH) :

2H H
pr.. Ay, pUH = We; U

P2 p2 a H1

= Re
@ Dimensionless amplitude :

ot =2 with o= max[y(x;)] where x; € [L/3,2L/3]

H
@ Dimensionless time : @ Dimensionless wavelength :
g A
=t/ = =
H A H

@ Thorpe's experiment :

We =689 and Re = 23937
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Numerical Simula

Remeshing

elmholtz Insta

Model presentation
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Numerical Simulation of Kelvin-Helmholtz Instability Model presentation

Surface Tension

0.006
0.004

0.002

Y (m)

-0.002

-0.004

X (m)

S. Fortin & al MULTIPHASE 2017 Polytechnique Montréal 17 / 23



Numerical Simulation of Kelvin-Helmholtz Instability Results
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Q Numerical Simulation of Kelvin-Helmholtz Instability

@ Results
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Numerical Simula of Kelvin-Helmholtz Instability Results

Results comparison

10 T T
—#— Linear theory
g | |6 Experimental
— CADYF (~ 166 000 elements)
— — Strubelj (219 600 elements)
8
7L

Amplitude growth (mm})
n
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Numerical Simulation of Kelvin-Helmholtz Instability Results

Results comparison

@ Most unstable wave length :

Linear Theory Ac=27mm
Experimental A, =25 —45mm

Numerical Ac &~ 38mm
Strubelj Ae = 40mm T N
@ Instability seems to appear at a
relative velocity of 0.28m/s which is ! e

larger than linear theory prediction |
(Us ~0.2m/s) NNy

S. Fortin & al. MULTIPHASE 2017 Polytechnique Montréal 19 /23



n-Helmholtz Instability Results

t=25s
VORTZ: -60 -48 -36 -24 -12 0 12 24 36 48 60
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Numerical Simula of Kelvin-Helmholtz Instability Results

Similarity

0.14

=204

——We =689, Re =23 937

— W 89, R 3937, H/2

——We =689, Re = 31 504 p|
We =203, Re =23 937

Az= 0.63 t =297 A= 059

We = 689, Re = 23 937 We = 689, Re =23 937, H/2

* = 28.6

«*=0.075
A= 0.59

We =689, Re = 31 504

S. Fortin & al. MULTIPHASE 2017 Polytechnique Montréal

21 /23



Numerical Simulation of Kelvin-Helmholtz Instability Results

References

[1] L. Rayleigh. On the capillary phenomena of jets. Proc. R. Soc.
London, 29(196-199) :71-97, 1879.

[2] G. K. Batchelor. An introduction to fluid dynamics. Cambridge
university press, New York, 2000.

[3] S. A. Thorpe. Experiments on instability of stratified shear flows :
immiscible fluids. JFM, 39(1) :25-48, 1969.

[4] L. Strubel;j et I. Tiselj. Numerical simulations of basic interfacial
instabilities with incompressible two-fluid model. Nuclear Engineering
and Design, 241 :1018-1023, 2011.

S. Fortin & al. MULTIPHASE 2017 Polytechnique Montréal 22 /23



Numerical Simulation of Kelvin-Helmholtz Instability Results

Questions ?
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