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Experimental set-up:
Capillary flow
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Experimental Materials: Poly(dimethyl siloxane) and suspensions
With spherical glass beads (10 micron) in 10 to 40% by volume

0.375 in




Thermal 1maging of the capillary extrusion of
PDMS to assure that viscous energy dissipation
IS not significant



Critical shear stress: 0.07 MPa
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— > Arrows indicate that surface/bulk irregularities are observed at those shear rates
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Arrows indicate that surface/bulk irregularities are observed at those shear rates

Corrected Shear Stress, Pa
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Corrected Wall Shear Stress, Pa
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Poly(dimethyl siloxane) incorporated with 40% by volume of glass spheres



» D=0.375"

—» 45°angle

The angle of convergence was varied between 15, 45 and 75 degrees.



Apparent Shear Stress, Pa
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Apparent Shear Stress, Pa
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Apparent Shear Stress, Pa
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FOCUS

e PDMS unfilled

 PDMS filled with 40% of glass
spheres



Investigate:

* Tools: Wall slip analysis for the
determination of the critical wall shear
stress at which strong slip Is observed

« Simulation: Time-dependent analysis of
flow In a capillary considering
compressibility of the melt/suspensions



Shear Stress, Pa
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Critical wall shear stress values at which strong wall
slip is initiated In steady torsional flow
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Unfilled PDMS

us =B L+ tanh(a(tyy —a)))

Unfilled PDMS: slip velocity versus the shear stress
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PDMS with 40% glass spheres:
Slip velocity, Us vs wall shear stress T, :

us =B (L+ tanh(a(tyy —4)))

slip velocity versus the shear stress
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Simulation (straight land section):

Compressibility

Wall slip, (P, Wall shear stress)
*Time-dependence

*Generalized Newtonian fluid



Compressibi | ity: Density, p varies

with pressure P: constants y and v,:

1% yp + 7

PDMS:  y, =958.0kg-m™° y=14x10°m-s™

PDMS with
40% glass:

y, =1073.4kg-m® ¥ =16x10"m-s™



us =Py (L+tanh(a(ty —74)))

/B :/BO(pa/ p)K



Time-dependent equations of continuity and motion:

6p:6/p:7/1 =0
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V Is the mean velocity in the channel in z-direction, t is time,
P Is pressure, t,,, IS the wall shear stress.

0



Solve numerically using finite differences (Predictor-Corrector):
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At time step, Az grid spacing, | is the time step index, and
F is the function to obtain steady state value of mean velocity V



Under steady state conditions there is an analytical solution for local
mean velocity V:
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Mean velocity, V set at entrance:

V =V, Z

Pressure ambient, Pa at length L

P = Pa Z



Unfilled PDMS

us =B L+ tanh(a(tyy —a)))

Unfilled PDMS: slip velocity versus the shear stress
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Untfilled PDMS
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Solution of a pure PDMS flow: 2R=0.0025m, L/2R=40,
V,=0.0002m/s (shear rate: 0.6 s).




Untilled PDMS

At low shear rate
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Solution of a pure PDMS flow: 2R=0.0025m, L/2R=40,
V,=0.0002m/s (shear rate: 0.6 s-1).



Untfilled PDMS

At low shear rate
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2R=0.0025m, L/2R=40,V,=0.0002m/s: shear rate: 0.6 s
(triangles: slip velocity)



Untfilled PDMS

Time dependence At low shear rate
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2R=0.0025m, L/2R=40, V,=0.0002m/s
(shear rate: 0.6 s1).




Time dependence Unfilled PDMS

At low shear rate
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2R=0.0025m, L/2R=40, V,=0.0002m/s
(shear rate: 0.6 s1).




Wall shear stress: distance dependence Unfilled PDMS

Higher shear rate
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Mean and wall slip velocity versus distance
Unfilled PDMS
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Pressure: time dependence Unfilled PDMS
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Mean and wall slip velocity: Time dependence Untilled PDMS
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Calculations: Unfilled PDMS

---- Unstable flow----

1.0E+06 -+
§1.0E+05 + . P me
3 [
o V\
1.0e+04 + ™ Stable flow
1.0E+03 : : : : |
100 150 200 250

0 50
Ya (Us)



1.E+06 1

1.E+05 -

1.E+04 -

A D=0.0984 L/D=40
x D=0.0591 L/D=40
¢ D=0.0328 L/D=40

Corrected Wall Shear Stress, Pa

1.E+03 — — —_— —_—
0 1 10 100 1000 10000 100000

Apparent Shear Rate, s

Flow curves and extrudates of poly(dimethyl siloxane) collected with capillaries
with different diameters and development of extrudate surface irregularities



PDMS with 40% glass
B, =7x10"m-s*.Pa~"" &x=03 (Shear rate: 0.6 s*)
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40% PDMS

Wall shear stress versus distance (Shear rate: 0.6 s
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40% PDMS
(Shear rate: 0.6 s1)
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Triangles represent slip velocity.



p (Pa)
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Mean and slip velocity versus time 40% PDMS
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PDMS 40% glass
Typical behavior at higher hear rates: (Exp: 50 s1).

Pressure Mean and slip velocity
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2R=0.0015m, L/2R=40, V,=0.01m/s



PDMS 40% glass
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Time dependence PDMS 40% glass
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Solution for flow of PDMS suspension
2R=0.0015m, L/2R=40, V,=0.01m/s
(50 1/s).



Time dependence PDMS 40% glass
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PDMS 40% glass
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Corrected Wall Shear Stress, Pa
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Conclusions

It appears that the stability of stick or slip at the wall
during extrusion governs the occurrence of surface
irregularities.

Conditions which give rise to wall shear stress
values at the wall, which are in the vicinity of the
critical wall shear stress at which strong wall slip
IS onset give rise to flow instabilities.

Conditions which give rise to wall shear stress
values which are significantly lower or higher than
the critical wall shear stress generate a stable stick
or stable slip condition, which are both free from
flow Instabilities.



