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A useful way to recycle plastics is to melt and
mix them to form incompatible polymer blends

polybutadiene

microstructure of HIPS.

An incompatible polymer blend is a new
material, combining the desired properties of
the two original plastics.



A cutaway diagram shows the geometry of the device in which
a drop travels in the experiments of J. Waldmeyer (PhD 2008)

Waldmeyer,Mackley,Renardy,Renardy 2008 ICR

The cross-section on the right shows two sample stream
lines of the base flow. If the drop is small, then we can set up
the boundary conditions in our simple shear flow from the
strain rates of the baseflow.



The plan for this presentation

. We begin with a description of the Newtonian VOF-CSF
method in the context of drop deformation.

Nichols, Hirt, Hotchkiss, Los Alamos Sci. Lab. Rep. LA-8355, 1980. (SOLA-VOF)
Kothe, Mjolsness, Torrey, Los Alamos Nat. Lab. Rep.,1991.(RIPPLE)

Brackbill, Kothe, Zemach, J. Comput. Phys.1992(CSF)

Zaleski et a IJ. C Phys. 1994 SURFER,(Institut d’Alembert)

Li, Renardy,Renardy Phys.Fluids 2000

. For some simulations, a higher-order method like VOF-PROST
IS needed. e.g. drop retraction when shearing stops.

Renardy,Renardy, J C P (2002) VOF PROST Newtonian
Khismatullin,Renardy,Renardy,JNNFM 2006 Giesekus
Renardy,Renardy,Benyahia,Assighaou,PRE2009

. Implementation of 3D Oldroyd B or Giesekus constitutive

mo d el . 2D: Hooper, de Almeida, Macosko, Derby, JNNFM, 2001 (finite element)
Yue, Feng, Liu, Shen, JFM, 2005(phase field)
3D: Pillapakkam, Singh, J. Comp. Phys. 2001 (level set)
Khismatullin,Renardy,Renardy JNNFM (2006) (3D)

Aggarwal, Sarkar, JFM 2007. Front-tracking fin diff scheme.
Hulsen et al...
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The dimensionless parameters for the Newtonian case are

e\iscosity ratio
m= | [Idrop [ matrix
ensjty.ratio A A
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viscous force causing deformation / capillary force which keeps
the drop together. Shear rate k &  (Ugy-Unoom iete )

eReynolds number Re=A, k 0 2/ & L,;itmmfm




Governing equations for a volume-of-fluid method for
Newtonian liquids

ch R -
_D_C Fluid 1 f
3 1, fluid 1 "DC‘ Fluid 2
|0, fluid 2

A color function C(x,y,z,t) is advected by the flowfield

ANe reconstruct the interface from the surface where C jumps
Mody force includes the interfacial tension force

Aeriodic boundary conditions in the x and y directions, and no
slip at the walls z=0, z=1



The spatial discretization is a regular Cartesian grid.
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Finite differences are used to calculate derivatives.
Staggered grid.
In a cell that is cut by the interface, fluid property is averaged.

p=Cp+(1-C)p,
pH=Cu+(1-C)u,
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We began with SURFER, which treats high Re flows.

(open source, S. Zaleski 1997)

1. The interface is reconstructed from C(i,},k,t) as a

plane in each 3D cell, or alinein a 2D cell:
C=04—
c=07 LL—=—""— R
Ui, Uiy \
c=1/__ |
V1« / V2« \\/3”-,k

In a cell that is cut by the interface, C = volume fraction of fluid 1.

*PLIC - piecewise linear interface reconstruction
-Lagrangian advection yields C at each timestep

x" Tl = x® 1 u{At).
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2. VOF codes typically use the projection method
on the momentum equations, and an explicit
temporal discretization. Chorin 1967

A We know the solution at the nth timestep.
Next, solve for an intermediate velocity field u* without p.

w- U= " @) + L) +F)"

Dx
ACompute a correction p, using DA™ =0, DA™ =0:
‘DQE)—) - DQ* Solve with multigrid method
n+l_ ~*
olveforumt:  UT-u - _ BP




The explicit time integration scheme is not feasible for
low Re drop-breakup simulations.

\*Q/ The explicit scheme is stable when
aamead Dt << time scale of viscous diffusion: mesh?/viscosity

Implicit scheme would be slow because variables
are coupled A large full matrix

g Semi-implicit scheme with decoupling of u, v,w
SURFER++ Li, Renardy, Renardy 1998




The Stokes operator is associated with viscous
diffusion.

A We know the solution at the nth timestep.
Next, solve for an intermediate velocity field u* without p.

U*[_]un _ (Un @J'D %(+ ;/7$ C’En

The Stokes operator causes the
need for small Dt for low Re, so
treat some of this expression

implicitly *




We developed and implemented a semi-implicit
t|me Integrathn SCheme Li,Renardy,Renardy 1998

Let us take the X-component of the intermediate velocity field:

u -u" " 1 1
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The Stokes operator terms for u* are treated implicitly.

é_giiz LY (K () + (M () =explicit terms
8' r(ux( mw()*'(uy( py)+(pz( uz)ul‘P plicit t

We factorize this (zang,street,Koseff 1994).
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& Dt Uo V. Dt U 2 D g+
r ux(zm )EEI r uy(mp%/)@l r w(mu%)HJ

Finally, we invert tridiagonal matrices. Analogously for v* and w*.




3. How VOF-CSF-PLIC discretizes the interfacial
tension force F,

r%“IU+U @Dg =p- D /8 £F
(; -

F. =s k.d,, d.=PC|, n.=DC

1BCr
k =-div ng
At the continuum level, C =e0 '_n ﬂu'_d 2,
(1 in fluid 1.

At the discrete level, C=volume fraction of fluid 1 per cell.
Finite differences of the discontinuous function C

give n, , more finite diffs & nonlinear combinations
give 0
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The Continuous Surface Force Formulation (CSF)
works well in an average sense for flows.

ACSF Brackbill et . al 1992, Kot he, Wil |l i ams

Introduce a mollified C in F, over a distance much larger than
the mesh: N
C(x) =a @@")f (X'- x,e)dx’
w
wherej (x,i )is akernel.
Diffusion of surface tension force?

ACSS Continuous Surface Stress Formulation
Lafauri e et . al 19914, Zal eski , Li, Gueyffier,

T =[(-ng Ang)s d] , F,=D0.



Application: The Cambridge Shear System was used to obtain
experimental data on drop deformation for oscillatory, step, & steady
shear

Wannaborworn, Mackley, Y. Renardy, 2002
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VOF-CSF reproduces the initial transient for oscillatory
shear experiment at 0.3Hz 250% strain 30.175 mm
diameter drop.
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Microchannel application: 3D Newtonian Stokes flow
Ca=0.4, R,/H=0.34
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g Experimental data of Sibillo, Pasquariello, Simeone,
Guido, Soc. of Rheol. Meeting, 2005.
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YRenardy, Rheol Acta 2007
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The simulation of surface-tension-dominated
regimes produce small SPURIOUS CURRENTS



