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What Isthe question to be
answer ed?

Can gradients of composition and temperature in
miscible polymer/monomer systems create
stresses that cause convection?



Why?

[he objective of TIPMPS isto confirm Korteweg’'s
nodel that stresses could be induced in miscible fluids
)y concentration gradients, causing phenomena that
vould appear to be the same as with immiscible fluids.
[ he existence of this phenomenon in miscible fluids
vill open up anew area of study for materials science.

Viany polymer processes involving miscible monomer
and polymer systems could be affected by fluid flow
and so this work could help understand miscible
bolymer processing, not only in microgravity, but also
n earth.



How

An Interface between two miscible fluids will be be
reated by photopolymerization, which allows the
reation of precise and accurate concentration gradient:
yetween polymer and monomer.

Jptical techniques will be used to measure the
efractive index variation caused by the resultant
emperature and concentration fields.



| mpact

Demonstrating the existence of this phenomenon in
miscible fluids will open up anew area of study for
materials science.

“If gradients of composition and temperature in miscible
polymer/monomer systems create stresses that cause
convection then it would strongly suggest that stress-induced
flows could occur in many applications with miscible materials.
The results of this investigation could then have potential
implications in polymer blending (phase separation), colloidal
formation, fiber spinning, polymerization kinetics, membrane
formation and polymer processing in space.”

SCR Panel, December 2000.




Science Opjectives

 Determineif convection can beinduced by
variation of the width of a miscible interface

 Determineif convection can beinduced by
variation of temperature along a miscible
Interface

 Determineif convection can beinduced by
variation of conversion along a miscible
Interface



Surface-Tension-1nduced

Convection

convection caused by gradients in surface
(interfacial) tension between immiscible
fluids, resulting from gradientsin
concentration and/or temperature
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Consider aMiscible “Interface’

C = volume fraction of A

flud A




Can the analogous process occur
with miscible fluids?
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Korteweg (1901)

treated liquid/vapor interface as a
continuum

used Navier-Stokes equations plus tensor
depending on density derivatives

for miscible liquid, diffusion is slow enough
that “aprovisional equilibrium” could exist
(everything in equilibrium except diffusion)
— I.e., no buoyancy

fluids would act like immiscible fluids



Korteweg Stress
e mechanical interpretation (“tension”)
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Change in a concentration gradient along the interface
causes avolume force



Hypothesis. Effective Interfacial
Tension

(DC)°

o =Kk

K Is the same parameter in the Korteweg model

(Derived by Zeldovich in 1949)



Theory of Cahn and Hilliard

Thermodynamic approach
Cahn, J. W.; Hilliard, J. E. "Free Energy of a Nonuniform System. |. Interfacial Free

Energy,"J. Chem. Phys. 1958, 28, 258-267.

g =09, + KNC[’

square gradient contribution to surface free energy (J m—=)

o =kaNPC(r)dr

also called the surface tension (N m)
k>0



Viechanics

Nonuniform Materials  Thermodynamic

Square gradient theory
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Cahn-Hilliard Theory of
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spinning drop tensiometry

Convection: experiment and theory




Why Is this important?

answer a 100 year-old question of Korteweg

stress-induced flows could occur in many
applications with miscible materials

link mechanical theory of Korteweg to
thermodynamic theory of Cahn & Hilliard

test theories of polymer-solvent interactions



How?

photopolymerization of dodecyl acrylate
masks to create concentration gradients
measure fluid flow by PIV or PTV

use change in fluorescence of pyreneto
measure VIiscosity



Photopolymerization can be used

to rapidly prepare
polymer/monomer Interfaces
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Schematic
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Variable gradient
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Why Microgravity?

2.25cm
e——

buoyancy-driven
convection destroys
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transition
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Simulations

add Korteweg stress terms in Navier-Stokes
equations

validate by comparison to steady-state
calculations with standard interface model

spinning drop tensiometry to obtain k
theoretical estimates of k

predict expected fluid flows and optimize
experimental conditions



Model of Korteweg Stresses In
Miscible Fluids

%{+VNT =xDT 5

o0C “ul= szﬂ

—~ +vNo = DDC

XA K= K, =- k2%
| oK, GK 0%, 90X

12

0 8 3%C0
—+(vN)v— 1Np+vD\/+—| %% Kzz_kga
ot \ pi K, , 9K, X0

1 axl 9%, where Kk is system sp

dvv=0

Navier-Stokes eguations + Korteweg terms



Essential Problem: Estimation of
Sguare Gradient Parameter “k”

 using spinning drop tensiometry
* use thermodynamics (work of B. Nauman)



Spinning Drop Technique

e Bernard Vonnegut, brother of novelist Kurt
Vonnegut proposed technique in 1942

Vonnegut, B. "Rotating Bubble Method for the

Determination of Surface and Interfacial

Tensions,"Rev. . Instrum. 1942, 13, 6-9.
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Evidence for Existenceof EIT
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Estimation of kK from SDT

o estimatesfrom SDT: k=10°N
—~k=EIT*d
—k=104Nm1* 10“4m

e Temperature dependence
— Jk/qIT =-102 N/k

— results are suspect because increased T
Increases diffusion of drop



Balsara & Nauman: Polymer-
Solvent Systems

:I{yrRTgc_l_ 3 U
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molar

K

X = the Flory-Huggins interaction parameter for a
polymer and a good solvent, 0.45.

R, = radius of gyration of polymer =9 x 10-° m?

V = molar volume of solvent

molar

k=5x10°Nat 373K

Balsara, N.P. and Nauman, E.B., "The Entropy of Inhomogeneous Polymer-Solvent
Systems’, J. Poly. Sci.: Part B, Poly. Phys., 26, 1077-1086 (1988)



Simulations

« Effect of variable transition zone, d
o Effect of temperature gradient along
transition zone

o Effect of conversion gradient along
transition zone



We validated the model by
comparing to “true interface

model”

 Interfacial tension calculated using Cahn-
Hilliard formul a: k(DC)2
O —

e same flow pattern

o Korteweg stress model exceeds the flow
velocity by 20% for atrue interface
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Simulation of Time-Dependent
Fow

we used pressure-velocity formulation
adaptive grid ssmulations

temperature- and concentration-dependent
Viscosity

temperature-dependent mass diffusivity
range of values for k



Concentration-Dependent

Relative Viscosity

Viscosity: m=mge ¢
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Variable transition zone, d, 0.2to 5 mm

10 sec 1100 sec

polymer

k=2x10"°

monomer




streamlines

- -~
T

1000 sec

‘0 sec

T

-_'_,.f

- -
e

e

=T




Displacement, cm

Maximum Displacement Dependenc
on k
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Isothermal case with variable transition zone:

ko»10%, N =0.01; k.-10°% N =0; uo, Pa.s =0.006;

oc =3;

or=0; de10° kg/(m-s)=0.1; d 105, kg/(m*s) =0.

Dependence on variation in d
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Effect of Temperature Gradient

3cm

6 cm

Temperatureisscaledso T
=1 correspondsto DT =50
K.

Simulations with different K(

-does it increase or decreas
with T?

Simulations with temperatur
dependent diffusion
coefficient



viscosity 10X monomer (0.01 Pa s

1= 998 sec

ko=1.3x 10~

K, =0.7x 1071




Two vortices are observed

1464 sec

polymer
=10cm?s
> heating,
0.9 mMm
monomer

=10cm?s



asymmetric vortices are observed with variable viscosity model

polymer
> heating =12cm’s
0.9 mm,
)=0.01 Pas* e°¢

monomer

= 0.1 cm? s




effect of temperature-dependent
D

K Independent of T
D increases 4 times across cell
higher T means larger d

effect islarger than k dependingon T even
with viscosity 100 times larger




significant flow
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Effect of Conversion Gradient

e T also varies because polymer conversion
and temperature are coupled through heat
release of polymerization

o T affectsk
o T affectsD




T=150"C

C=1

k=102°N

400 sec
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polymer Viscos
Independent of

omer



with D(T)
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L imitations of Model

e two-dimensional
e does not include chemical reaction

 neglects temperature difference between
polymer and monomer

— polymer will cool by conduction to monomer
and heat |oss from reactor



Conclusions

 Modeling predicts that the three TIPMPS
experiments will produce observable fluid
flows and measurable distortions in the
concentration fields.

 TIPMPSwill beafirst of itskind
Investigation that should establish a new
field of microgravity materials science.



Quo Vademus?

refine estimations of “k” using spinning
drop tensiometry

completely characterize the dependence of
all parameterson T, C and molecular weight

prepare 3D moddl that includes chemistry
Include volume changes
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