Corrections to Capillary flow

eslip at the wall - Mooney analysis
eentrance and exit effects - Bagley correction

*Non-parabolic velocity profile - Weissenberg-Rabinowitsch
correction
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Slip at the wall - Mooney analysis

Slip at the wall reduces the shear
rate near the wall.
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Slip at the wall - Mooney analysis

Slip at the wall reduces the shear
rate near the wall.
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The Mooney correction is a correction to the
apparent shear rate
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Slip at the wall - Mooney analysis

800 -
APR \pa
i 2L
600 - €0.35
40 i o | 03
i 002
-1 X0.14
S i
) 00 “)V(./. X0.1
] +0.05
Mﬂ/ﬁ\ coo
207 "_.'__.._-o/‘
yop—I———X
0 F—tt T :
0 1 2 3 4

1/R (1/mm)

Figure 10.10, p. 396
Ramamurthy, LLDPE
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Entrance and exit effects - Bagley correction
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capillaries
=

exit region

Thisisthe A/ ]
result when
the end
effects are
negligible.
The Bagley correction is a
correction to the wall shear stress
Bagley Plot
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Figure 10.8, p. 394 Bagley, PE ‘
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Figure 10.8, p. 394 Bagley, PE
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Figure 10.8, p. 394 Bagley, PE
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The data so far:

gammdotA deltPent slope sh stress  sh stress
(1/s) psi psi psi Pa

250 163.53  32.705 16.3525 1.1275E+05

120 107.72 22.98 11.49 7.9220E+04

90 85.311  20.172 10.086 6.9540E+04

60 66.018 16.371 8.1855 5.6437E+04

40 36.81  13.502 6.751 4.6546E+04

Now, correct shear rate for non-
parabolic velocity profile.

Figure 10.8, p. 394 Bagley, PE
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Weissenberg-Rabinowitsch correctior} A N
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Weissenberg-Rabinowitsch correction
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Figure 10.8, p. 394 Bagley, PE
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The data corrected for entrance/exit and non-
parabolic velocity profile:

n=-t

Vr

gammdotA deltPent deltPent sh stress In(sh st) In(gda) WR gam-dotR  viscosity
(1/s) psi Pa Pa correction 1/s Pas

250 163.53 1.1275E+06 1.1275E+05| 11.63289389 5.521460918 2.0677 316.73125 3.5597E+02
120 107.72 7.4270E+05 7.9220E+04| 11.2799902 4.787491743) 2.0677 152.031 5.2108E+02
90 85.311 5.8820E+05 6.9540E+04]| 11.14966143  4.49980967 2.0677 114.02325 6.0988E+02
60 66.018 4.5518E+05 5.6437E+04] 10.9408774 4.094344562 2.0677 76.0155 7.4244E+02
40 36.81 2.5380E+05 4.6546E+04| 10.74820375 3.688879454 2.0677 50.677 9.1849E+02

Now, plot viscosity versus
wall-shear-rate

Figure 10.8, p. 394 Bagley, PE

© Faith A. Morrison, Michigan Tech U.




Viscosity of polyethylene from Bagley’s data
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Figure 10.8, p. 394 Bagley, PE |
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Viscosity from Capillary Experiments, Summary:

1. Take data of pressure-drop raw data: AP(Q)
versus flow rate for capillaries of

various lengths; perform Bagley final data: 1) =7, / 7
correction (entrance pressure) R R

2. If possible, also take data for
capillaries of different radii; 10E+04
perform Mooney correction gl

(slip) Vi
3. Perform the Weissenberg-

Rabinowitsch correction (wall
shear rate)

1.0E+03

Viscosity, Pa s

4. Plot true viscosity versus true
wall shear rate 1.0E+02

10 . 100 1000
7 Shear rate, 1/s
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Other Experimental Shear Geometries
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Why do we need more than one
method of measuring viscosity?

Torsional flows
Ve N A Capillary flow
A\

v

At low rates, torques/pressures 10 )
become low g 7

At high rates, torques/pressures
become high; flow instabilities set in
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Limits on Measurements: Flow instabilities in rheology

capillary flow
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Figure 6.10, p. 177 Blyler Figure 6.9, p. 176
and Hart; PE Pomar et al. LLDPE
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Torsional Parallel-Plate Flow - Viscosity

Measureables:
Torque T to turn plate
Rate of angular rotation Q

50
cross-sectional
view: [athaYel
i
i
|

HI .
R
Note: shear rate experienced by fluid - rQ2 . r
elements depends on their r position. 7= F =7x E
By carrying out a Rabinowitsch-like dn(T/ 2.7Z'R3)

calculation, we can obtain the stress at T, 0| R= T/ 272R3 3+
the rim (r=R). = dnyg

=95
77(7’R) — ﬁ Correction
7r required

© Faith A. Morrison, Michigan Tech U.




Torsional Parallel-Plate Flow - correction
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Torsional Cone-and-Plate Flow - Viscosity

~ N (ani
section,
Measureables:
Torque T to turn cone
Rate of angular rotation Q

e

polymer melt

Note: the introduction of the B Q
cone means that shear rate is V= ®_
independent of r. 0

Since shear rate is constant 3T
everywhere, so is stress, and we Top = constant = ——
can calculate stress from torque. 2

ﬂ No corrections needed in

77(7) = 27Z'R3Q cone-and-plate

© Faith A. Morrison, Michigan Tech U.
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Torsional Cone-and-Plate Flow — 1st Normal Stress

—o0

(¢-plane

Measureables: =9 Sontion
Normal thrust F

polymer melt

The total upward thrust of the cone
can be related directly to the first
normal stress coefficient.

R
F = 27[_[1109‘9:’2”‘1” —7L'R2pmm
0

(see text pp404-5;
also DPL pp522-

2F0; 523)
R*Q?
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lI"1(7/) -

Torsional Cone-and-Plate Flow — 2nd Normal Stress

Need normal force as
a function of r/ R

*Cone and Plate:

IT,, — py =—(N, +2N| N

(see Bird et al., DPL)

*MEMS used to manufacture sensors at different radial positions

The Normal Stress Sensor System (NSS)

B L T TR A A

Patented Technology
S. G. Baek and J. J. Magda, J.

RheoSense Incorporated
Rheology, 47(5), 1249-1260 (2003) P

(www.rheosense.com)
J. Magda et al. Proc. XIV International

Congress on Rheology, Seoul, 2004.
© Faith A. Morrison, Michigan Tech U.

11



Monolithic rheometer plate fabricated using silicon

Rheosense Incorporated micromachining technology and containing miniature
pressure sensors for Ny and Ny measurements

Comparison with other
instruments

Seong-Gi Baek”

RheoSense, Incorporated, 2357 Ventura Drive, Suite 104, St. Paul,
Minnesota 55125

Jules J. Magda

Department of Chemical and Fuels Engineering, University of Utah, 50 South
Central Campus Drive, Room 3290, Salt Lake City, Utah 84112

10000

LY Eﬂ“ﬂ x N1, NSS

100 BN o N2, NSS

Pa N O N1, ARES
10 — certified

01 1 10 100
shearrate, 1/s
S. G. Baek and J. J. Magda, J.

Rheology, 47(5), 1249-1260 (2003)
© Faith A. Morrison, Michigan Tech U.

Limits on Measurements: Flow instabilities in rheology

cone and plate flow

Figures 6.7 and 6.8, p.
175 Hutton; PDMS

© Faith A. Morrison, Michigan Tech U.
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Couette Flow

alternate
cross-section A:

cross-section A:

i air pocket
esee text

euseful for low viscosity fluids
© Faith A. Morrison, Michigan Tech U.

Elongational Flow Measurements

© Faith A. Morrison, Michigan Tech U.
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Experimental Elongational Geometries
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Uniaxial Extension

/\ tensile force I

__J®

. trr A®) load measures
cell force
time-dependent cross- f (t)

sectional area

sample

—&nt
For homogeneous flow: = o 4
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Experimental Difficulties in Elongational Flow

ideal elongational
deformation

initial

final

\r— end effects

inhomogeneities

effect of gravity,
drafts, surface tension

final
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Filament Stretching Rheometer (FiSER)

Tirtaatmadja and Sridhar, J. Rheol., 37, 1081-

1102 (1993)

*Optically monitor
the midpoint size

*Very susceptible to
environment

*End Effects

B

V=(ELy)exp(+Ef)

McKinley, et al., 15th Annual Meeting
of the International Polymer
Processing Society, June 1999.

© Faith A. Morrison, Michigan Tech U.




Rheol Acta (2001) 40: 457466

© Springer-Verlag 2001 ORIGINAL CONTRIBUTION
Jonathan S. Schulze A comparison of extensional viscosity
Timothy P. Lod -
Christopher W, Macosko measurements from various
Jens Hepperle
Helmut Miinstedt RME rheometers
Heike Bastian
Dino Ferri
David J. G S
Vong H1oon Kim Steady and startup flow
Mike Lyon
Thomas Schweizer *Recovery
Terry Virkler
Erik Wassner oGood for melts
Wim Zoetelief
=
Belt Tread
Pin L 2 | 2 mm

RHEOMETRICS RME . . .
© Faith A. Morrison, Michigan Tech U.

Conclusions

Extensional viscosity measurements of a slightly strain
hardening LLDPE (Dow Affinity PL 1880) from several

Rheometric Scientific RME STONAl THCOTIe oo e Achieving commanded
compared with data obtaigd from the oriéindl version . .

of the RME at the ETH Igtitut fiir Polymere in Zum.h strain requires great
and thc Mfmsmdt Tensi care.

} 3 c In general, the commercial
RMEs cxmndcd samples with a strain rate that was
significantly less than the set strain rate. Thc problem
worsened at the higher strain rates of 1.0.s7 and 0.1 7%
where the difference was at least 10% . The data from the
commercial RMEs typically agree with the MTR and
original RME within 20%, after the extensional viscos-
ity is corrected for the strain rate.

increased from 50 mm to 60 mm, the deviation in the
strain rate decreased from 20% to 2-6%. The recom-
mended value of Ly should be determined by measuring
the distance D and using Eq. (4). [However, operating
the 'RME  with the correct value of Ly does not
. . eliminate entirely the strain rate deviation. Based on

(although tedious) is the performance of earlier rotary clamp rheometers. the
recommended in order strain rate deviation most likely occurs  because
the velocity of the belts is not sufficiently transferred
to the sample during the test. Clearly. the deformation
of all materials must be monitored with a video camera,
and analyzed to obtain the true strain rate applied to
the sample during the test.

Extensional viscosity data i the first [-2 s of the test
imnraved at all ctrain ratec with the nee af ning and hv

Use of the video camera

to get correct strain rate.




Sentmanat Extension Rheometer

*Originally developed for rubbers, good
for melts

*Measures elongational viscosity, startup,

other material functions
*Two counter-rotating drums

*Easy to load; reproducible

WWWw.Xpansioninstruments.com

© Faith A. Morrison, Michigan Tech U.

Sentmanat et al., J. Rheol., 49(3) 585 (2005)

10" ¢

Lupolen 1840H
T=150°C

O = Minstedt et al. (1998)
4 SER-HV-P01: MCR501

o [Pa]

E Lupolen 1840H 503 %1

-+ SER-HV-P01: MCR501
— SER-HV-A01: ARES

© Faith A. Morrison, Michigan Tech U.
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CaBER Extensional Rheometer

*Polymer solutions

*Works on the principle of capillary filament break up

*Cambridge Polymer Group and HAAKE
For more on theory see: campoly.com/notes/007.pdf

Brochure: www.thermo.com/com/cda/product/detail/1,,17848,00.html

Operation

*Impose a rapid step elongation
eform a fluid filament, which continues to deform
flow driven by surface tension

*measure midpoint diameter as a function of time

elongational viscosity

ealso affected by viscosity, elasticity, and mass transfer

*Use force balance on filament to back out an apparent

© Faith A. Morrison, Michigan Tech U.

Trouton Ratio

Capillary breakup
experiments

Comments

eMust know surface
tension

*Transient agreement is

Hencky Strain

Filament stretching
apparatus

Anna and McKinley, J. Rheol. 45, 115 (2001).

poor

*Steady state agreement
is acceptable

*Be aware of effect
modeling assumptions
on reported results

© Faith A. Morrison, Michigan Tech U.
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Elongational Viscosity via Contraction Flow:
Cogswell/Binding Analysis

Fluid elements along

the centerline funnel-flow
undergo considerable region

elongational flow

corner
vortex

By making strong
assumptions about the
flow we can relate the

pressure drop across the
contraction to an
elongational viscosity

© Faith A. Morrison, Michigan Tech U.

Assumptions for the Cogswell
Analysis

* incompressible fluid

« funnel-shaped flow; no-slip on funnel surface
« unidirectional flow in the funnel region

* well developed flow upstream and
downstream

* O-symmetry

e pressure drops due to shear and elongation
may be calculated separately and summed to
give the total entrance pressure-loss

* neglect Weissenberg-Rabinowitsch correction

* shear stress is related to shear-rate through a Y=7Va
power—la'w - Tp = m}/;l

* elongational viscosity is constant -

« shape of the funnel is determined by the 11 = constant

minimum generated pressure drop
* no effect of elasticity (shear normal stresses

neglected)

1 . . F. N. Cogswell, Polym. Eng. Sci. (1972) 12, 64-73.
* neglect mertia F. N. Cogswell, Trans. Soc. Rheol. (1972) 16, 383-403.

© Faith A. Morrison, Michigan Tech U.
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Cogswell Analysis

T 7 TR=1 7a
elongation rate & =5 4Q @
2zi, - 7) 7, =

R
elongation 3
normal stress (117 %2)= 73 Bpen) (14D
. 9 2,2
elongation  _ —(z,-17,,) E(n +1D)"Apep
viscosity "7~ P o7,

© Faith A. Morrison, Michigan Tech U.

Assumptions for the Binding Analysis
* incompressible fluid

* funnel-shaped flow; no-slip on funnel surface

* unidirectional flow in the funnel region

*well developed flow upstream and downstream

* O -symmetry

e shear viscosity is related to shear-rate through a
power-law

* elongational viscosity is given by a power law

« shape of the funnel is determined by the minimum
work to drive flow

* no effect of elasticity (shear normal stresses
neglected)

« the quantities (dR/dzf and d 2R/ dz?, related to the
shape of the funnel, are neglected; implies that the
radial velocity is neglected when calculating the rate
of deformation

* neglect energy required to maintain the corner
circulation

D. M. Binding, JNNFM (1988)

. .
neglect inertia 27, 173-189.

© Faith A. Morrison, Michigan Tech U.
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Binding Analysis

r_— 1, elongational prefactor
1+1)

2 PR
_ 2m(l+0)° | ltGn+Dn'l,
32(1 + n)?

nt

~
Il
O —y—

- 7R0[(n+l)/a+t) {1 _ a3[(n+l)/(l+t)}

3 1 t+1

Vo = Gn+1)
% n7Z'R03
elongation -1
viscosity 71~ &
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Rheotens (Goettfert)

*Does not measure material
functions without constitutive
model

esmall changes in material
properties are reflected in
curves

eeasy to use

eexcellent reproducibility
*models fiber spinning, film
casting

ewidespread application

from their brochure:

"Rheotens test is a rather complicated function of the characteristics
of the polymer, dimensions of the capillary, length of the spin line and
of the extrusion history"

www.goettfert.com/downloads/Rheotens_eng.pdf

© Faith A. Morrison, Michigan Tech U.
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F*b[eN]

An elongational viscosity may be

extracted from a “grand master
curve” under some conditions
"The rheology of the rheotens test," M.H.

Wagner, A. Bernnat, and V. Schulze, J.
Rheol. 42, 917 (1998)

Grand master curve

b = shift factor

Draw resonance

Ly/d,=15, L=100 mm
---------- Ly/d=15, L= 50 mm
Ly/d,=30, L=100 mm
—-— Ly/dy=30, L= 50 mm

. L L
2 4 7 9 i 13 15 18 20 22

FlcN]

F[cN]
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40

32

Raw data

wereeme Lyfdg=15, L= 50mm
- = L/d,=30, L=100 mm

Ly/dy=15, L=100 mm

— Ly/dy=30, L= 50mm
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I Y
_— y

~l
R N AV

s P L "
800 1000 1200

50
Ly/dy=30, L=100 mm
— Ly/dy=30, L= 50 mm

© Faith A. Morrison, Michigan Tech U.

Summary

SHEAR

*Shear measurements are readily made

*Choice of shear geometry is driven by fluid properties, shear

rates

*Care must be taken with automated instruments (nonlinear
response, instrument inertia, resonance, motor dynamics)

ELONGATION

*Elongational properties are still not routine

*Newer instruments (RME, Sentmanat,CaBER) have improved
the possibility of routine elongational flow measurements

*Some measurements are best left to the researchers dedicated to

them due to complexity (FiSER)

eIndustries that rely on elongational flow properties (fiber
spinning, foods) have developed their own ranking tests

© Faith A. Morrison, Michigan Tech U.
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