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a b s t r a c t

A compressible Newtonian–Cahn–Hilliard fluid mixture in conjunction with the Sanchez–Lacombe

equation of state is used to develop a one-dimensional linear model that describes acousto-spinodal

decomposition by pressure-induced phase separation in compressible polymer solutions. The inte-

grated model extends previous work (Rasouli and Rey, 2011) on inviscid acousto-spinodal decomposi-

tion of compressible polymer solution. Acousto-spinodal decomposition by pressure-induced phase

separation couples density wave phenomena with mass transfer driven by spinodal decomposition

process. For dissipative acousto-spinodal decomposition the relevant parameters are the ratio of

diffusion speed to density wave speed Mach number (Ma) and the Reynolds number (Re). Under

diffusion limitation (low Ma) polymer concentration gradients act as a sound source in a wave equation

that feeds back into the polymer concentration balance equation, producing oscillatory spinodal

decomposition. Phase diagrams in terms of Mach and Reynolds numbers show that under low viscosity,

oscillatory growth is independent of viscous dissipation and only arises under low Ma number. On the

other hand, under high viscosity effects, oscillatory spinodal decomposition may be generated by

increasing Re or by decreasing Ma. The viscous attenuation of spinodal decomposition kinetics and the

amplitude of density waves are characterized. Total structure factor calculations are qualitatively

consistent with experiments at low wave vectors. Acousto-spinodal decomposition is a novel process

that offers new processing and characterization routes for polymer solutions and melts.

Crown Copyright & 2011 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Phase separation processes are relevant to the synthesis, proces-
sing, and characterization of polymer solutions based-materials
(Folie and Radosz, 1995). Phase separation (PS) in polymer solutions
can occur by spinodal decomposition (SD) or nucleation and growth
(NG) (Zhang and Kiran, 2005). Equilibrium in polymer solutions
include thermal (constant temperature), chemical (chemical poten-
tials’ equality), and mechanical (pressure equality) equilibrium
(Ghiass and Rey, 2008, 2009a, 2009b; Rasouli and Rey, 2011).
Therefore instability and consequently spinodal decomposition
can be proceeded by adding solvent (solvent-induced spinodal
decomposition—SD-SIPS), thermal quenches (temperature-induced
spinodal decomposition—SD-TIPS), polymerization (polymerization-
induced phase separation—SD-POIPS), and pressure quenches (pres-
sure-induced spinodal decomposition—SD-PIPS) (Zhang and Kiran,
2005; Oh and Rey, 2000, 2001; Chan and Rey, 1995, 1997). The use of
thermodynamic instabilities to tailor polymer microstructures is the
basis of many well known separation processes (Chan and Tran,

2005; Sanchez and Balazs, 1989; Sanchez, 1983, 1991; Kim et al.,
2002). On the other hand many polymer processing routes require
thermal and pressure quenches, either to recover solvent or to
achieve thermo-mechanical states compatible with product forma-
tion, generating pressure-induced phase separation via spinodal
decomposition (Liu and Kiran, 2001; Zhang and Kiran, 2005). The
production of polyethylene by solution polymerization at high
pressure involves such steps and hence includes SD-PIPS (Folie and
Radosz, 1995; Liu and Kiran, 2001). This paper is restricted to the
analysis and simulation of pressure-induced spinodal decomposition
of compressible polyethylene solutions.

For these materials at a fixed temperature T, the total Helm-
holtz free energy per unit mass Â (Ghiass and Rey, 2008):

Â¼

Z
V
r½Âhðr,oÞþk=2ðroÞ2�dV ð1Þ

is the sum of the homogeneous Âh ¼ Âhðr,oÞ contribution and
gradient contribution Âg ¼ k=2ðroÞ2; r is density and o is the
polymer mass fraction and ro its gradients. Performing a 1-D
variation dA with respect to concentration o and density r one
obtains (Ghiass and Rey, 2009a, 2009b)
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where in the chemical equilibrium equation the term ðmp�msÞ is
the equilibrium polymer and solvent chemical potential and in
the force balance equation P¼ r2@Âh T ,r,o

� �
=@r is the pressure

and P0 is the external pressure. The chemical and mechanical
equilibrium are then coupled through density r, concentration o,
and concentration gradient do/dx. Using Baker’s formula, the
interfacial tension for a phase separated polymer solution is the
integral of the excess pressure (Ghiass and Rey, 2009a, 2009b):

g¼
Z þ1
�1

kr do
dx

� �2

dx¼

Z þ1
�1

ðP0�PÞdx: ð3Þ

The kinetics of SD in compressible solutions, even in the early
linear regime stage, exhibits significant deviations from incom-
pressible solutions through the couplings between concentration
and density. In the linear early stage regime SD under variable
density, assuming negligible viscosity, it was shown that concen-
tration gradients act as a sound source in the density wave
equation (Rasouli and Rey, 2011):

@2r0

@t2
¼ f

@2r0

@x2
þ g

@2o0

@x2|fflfflffl{zfflfflffl}
sound source

ð4Þ

giving rise to attenuated acoustic waves under sufficiently slow
diffusion that are coupled to the growing concentration fluctua-
tions; prime variables denote perturbations, ‘‘f ’’ is the square of
the sound speed, and ‘‘g’’ is a function of the thermodynamic and
transport parameters. Hence pressure-induced spinodal decom-
position in compressible solutions is termed acousto-spinodal
decomposition. As it is known, viscous attenuation of sound
propagation in a single compressible fluid modifies the density
wave equation to
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@x2
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@

@t

@2r0

@x2|fflfflfflfflffl{zfflfflfflfflffl}
viscous attenuation

, ð5Þ

where k contains the viscosity parameter. Hence we can expect
that the kinetics of the SD-PIPS process in the linear regime
considered in the present paper couples the polymer mass
fraction dynamics with an equation that shares the sound source
and viscous attenuation indicated in Eqs. (4) and (5). Furthermore
as shown below since the chemical potential mðr,oÞ ¼ @Âh

ðr,oÞ=@o is a function of density, the density wave viscous
attenuation (Eq. (5)) feeds back into the SD process creating
additional couplings between acoustic and spinodal modes.
Finally, since acoustic modes are longitudinal, the generated flow
kinematics is a periodic compression and expansion, and hence
extensional rheology is part of the process.

In our previous work, the equilibrium thermodynamic phase
diagram and interfacial tension of solution using Modified
Sanchez–Lacombe (MSL) equation of state (EOS) are characterized
using polyethylene in n-hexane solution as model system(Ghiass
and Rey, 2008, 2009a, 2009b). In our latest work (Rasouli and Rey,
2011), we investigated the kinetics of 1-D pressure-induced phase
separation via SD for inviscid compressible binary solutions and
characterized the unique couplings between density waves and
concentration fluctuations. In the present paper we characterize
viscous dissipation effects on 1-D pressure-induced phase separa-
tion (PIPS) by spinodal decomposition, in the early stage. In the
present paper we use the thermodynamic parameters and phase
diagram of previous work (Rasouli and Rey, 2011) and extend the
inviscid kinetics presented in that paper by incorporating viscous
dissipation effects. The presentation sequence, basic equations,
and methodology used in the present paper and Appendices are
based on Rasouli and Rey (2011). The specific objectives of this
paper are:

1. Develop an integrated pressure-induced acousto-spinodal
decomposition model for the early stage of phase separation
in Newtonian compressible viscous solution assuming isother-
mal conditions, using mass, momentum, diffusion balance
equations, and the Sanchez–Lacombe EOS.

2. Characterize the effect of viscous dissipation and generated
extensional flow due to density change on the nature and
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Fig. 1. Organization of the paper (MSL: Modified Sanchez–Lacombe EOS).
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