CM4655 Polymer Rheology Lab

Torsional Shear Flow:
Parallel-plate and Cone-and-plate

Prof. Faith A. Morrison
Michigan Technologica University
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Why do we need more than one
method of measuring viscosity?
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Torsional flows
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At low rates, torques/pressures | 9]
become low gg

At high rates, torques/pressures

become high; flow instabilities set in )
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Experimental Shear Geometries
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We will look at two flows measurable in torsional shear:
steady and small-amplitude oscillatory shear (SAQS)
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Cox-Merz Rule h(g) = ‘/7* (W)‘g A (w)° JhE +h€
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Figure 6.32, p. 193 Frequency, rad/s, or shear rate, s~
Venkataraman et al.; LDPE
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Seady Shear Flow Material Functions

Kinematics:
U)X
ve 0 Ut) = gp = constant
0

123

Material Functions:

First normal-stress Ylo - ([11' ! 22)
ho -l coefficient

%

Viscosity

Second normal- Y2 o _ ([22' [33)
stress coefficient
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Torsiona Parallel-Plate Flow - Viscosity

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

cross-sectional
view:

Note: shear rate experienced by fluid MW _

elements depends on their r position. 9= W - E

By carrying out a Rabinowitsch-like 2 1R3)
calculation, we can obtain the stress at tzq| R -T/W 3+M
therim (r=R). dingg

hgr) = % Correction

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

<ow
f (-plane
C'—(>' section)
Measureables:
Torque T to turn cone
Rate of angular rotation W

polymer melt

Note: the introduction of the _ W
cone means that shear rate is g= Q_O

independent of r.
Since shear rate is constant 3r
everywhere, so is stress, and we t gf = constant =——
can calculate stress from torque. QPRB
3r
& No corrections needed in

Hg) =

Z,URS\N cone-and-plate
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Torsional Cone-and-Plate Flow — 1st Normal Stress

< ow

f-plane

Measureables: % f (section)
Normal thrust F

polymer melt

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

R
F= 2p qu‘qzﬁrdr - mzpatm
0 2

(see text pp404-5;
also DPL pp522-

ZFQS 523)
PRW
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Torsional Cone-and-Plate Flow — 2nd Normal Stress

Need normal force as

*Cone and Plate: a function of r /R

P, - p,=-(N,+2N N
2= Po=- (N, - ? (seeBirdetal., DPL)

*MEMS used to manufacture sensors at different radial positions

The Normal Stress Sensor System (NSS)

Patented Technology

S. G. Baek and J. J. Magda, J.
Rheology, 47(5), 1249-1260 (2003)

J. Magdaet a. Proc. X1V International
Congress on Rheology, Seoul, 2004.

RheoSense Incorporated
(www.rheosense.com)
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Monolithic rheometer plate fabricated using silicon

Rheosen% I ncor por ated micromachining technology and containing miniature
pressure sensors for N; and Ny measurements

Comparison with other

Seong-Gi Baek®

InStr uments 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
/B,a’“wa@ x Ni, NSS
es3) 3
100 P 500 o N2 Nss
Pa oo O N1, ARES
10 —— certified
O
shear rate, 1/s

S. G. Bagk and J. J. Magda, J.

Rheology, 47(5), 1249-1260 (2003) 12
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Limitson Measurements:. Flow instabilitiesin rheology

cone and plate flow

Figures 6.7 and 6.8, p.
175 Hutton; PDMS
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Small-Amplitude Oscillatory Shear Material Functions
Kinematics:

U)X Ut) = gpcosmt
ve 0 %° 2
0 1 w
Material Functions:
212t 9) - Geinut + Gleosut
%
to to .
G¢w) ° —cosd G#nw) °© —sind
9 (dfisthe phase %
Storage modulus be(tj\:\]:;gnegt(ie&ss Loss modulus
and strain) 14
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What isthe strain in this flow?

t
9,1(0,t) = 0 9, (t9at¢

t

= g,cosutdtC

0
! go ; The strain imposed
_Wsmm is sinusoidal.
The strain

amplitudeis gy :70/
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Generating Small Amplitude Oscillatory Shear (SAQS)

steady shear b(t) =Vt =hgt
[ ]
T %o V = constant
“ T
[ ¢ ] X
small-amplitude b(t) =hg sin mt
oscillatory shear hg
=dnut
w
[ | 4=)
T X V = periodic
]
[ i ] x
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In SAOSthe strain amplitudeissmall, and a
sinusoidal imposed strain induces a
sinusoidal measured stress.

-1(t) = tgsin(ut + )

'[Zl(t) :[OSin(Wt + d)
=toSinutcosd + tycosmutsind
= [tocosﬂsin m + [tosind]coswt

~ > ~ >

I g I g
portion in-phase portion in-phase
with strain with strain-rate
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dis the phase difference between
37 the stress wave and the strain wave

9,(0,1) = g, (t)

£ (t)
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SAOS Material Functions

- t(t) _ tycosd . toSind
20) - Lo sinut + 92—~ cosut
% % %
H_I H_J
portion in-phase portion in-phase

with strain with strain-rate
G Ge w

For Newtonian fluids, stressis proportional to strain rate:| £ o1 = - /1921

G" isthus known as the viscous loss modulus. It characterizes the
viscous contribution to the stress response.
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What types of materials generate stress in proportion
to the strain imposed? Answer: elastic solids

Hooke' s Law for elastic solids |f1 =-Gghy

initial state, %
no flow, 1 ] initial state,
no forces I_‘/_W\A)NW‘_‘ﬁ Dxlﬁ no force
Vi (Xz) b ;
th |
. : deformed state,
T - deformed state, f; =-kDx
D < ,:l
Dx, ty=-G Wu; f —
l %/—/ spring restoring force Hooke's law for
Hooke's law for linear springs
elastic solids
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SAOS Material Functions

- Iyt tocosd . toSind
20 _ Lo snumt + 92— cosut
s s %

— —
portion in-phase portion in-phase
with strain with strain-rate

For Hookean solids, stressis proportional to strain: | £ = - G 021

G(\\____‘Ef

G’ isthus known as the elastic storage modulus. It characterizes the
elastic contribution to the stress response.

(note: SAOS material functions may also be expressed in
complex notation. See pp. 156-159 of Morrison, 2001)
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SAOS Material Functions

G| =VGé +Gé Is 1
. 1/G¢
pe=% 1 et
e
prasci UG
n'| = Jhe +heE 1+{tan” d
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Assignment:
For the PDMS polymer in the lab

emeasure and report on the true steady shear viscosity at
room temperature, as afunction of shear rate, as measured
with the Bohlin C-VOR torsiona cone-plate rheometer

*Report G' and G" as a function of frequency at room
temperature.

*Check to seeif the Cox-Merz rule holds for PDMS.

Cox-MerzRule  p(g) = ‘/7* (W)‘gzw

«If you would like to do a bit more experimentation, also
report these quantities at 35 and 50°C; thisis optional.
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