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2.341J Lecture 6: Extensional Rheometry:
From Entangled Melts to Dilute Solutions

Professor Gareth H. McKinley
Dept. of Mechanical Engineering, M.I.T.
Cambridge, MA 01239
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The Role of Fluid Rheology I"lii

*Slimy" - “Sticky"

. Y

-
k

V7

Ty = T?U’ ) ?}\'.\' \

T =Ty =T(E)E;

Mo ———~_

ny)

shear-thinning

tension-thickening

4 3hy =t
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Kinematics of Deformation Illll

+  As we have seen, there are three major classes of extensional flow:
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FIGURE 3.1-3. Deformgtion of (a) unit cube of matenial from time £, to t, (3 > 1,) in (h) steady
{mple shear low and (ofthree kinds of shearfree flow. The volume of material is preserved i all of

Bird, Armstrong & Hassager, (1987)
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Fred Trouton (one paper on Rheology; 110 years ago) I

On the Coefficient of Viscous Traction and its Relation to that of
Viscosity.
By Frn. T. Trovrox, F.RS, ‘

—

(Rocsived Fobruary 12,—Read February 22, 1906.)

When experiments are made on the viscous flow of pitch and other
substances of similar chamcter, in the form of rods or cylinders, by the
torsional method,® it is found that the rate of turning under torsion of these
rods is not strictly proportional to the driving eouple. Thus the mte of flow
of the material under shearing stress cannot be in simple proportion to stress,
If it is wished to investigate the exact law connecting the rate of flow with
the shearing forces, by means of the torsional method, a complication is at
onee met with, arixing from the fact that the rate of flow in a twisting rod is
not of the same value everywhere, but neceesarily varies from nothing at the
centre to & maximum at the surface of the rod,
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Transient Extensional Rheometry MeKintey I

Ann. Rheol. Reviews 2005

* The extensional viscosity is best considered as a transient material
function: follow evolution from equilibrium to steady state (or break-up!)

Zero-Shear Rate Viscosity [Pa.s]

Meissner
Apparatus (RME)

SER Fixture

Opposed Jet Devices
Contraction Flows (microfluidic)

Filament
Stretching
Rheometers
(FISER)

1 Pipe & McKinley,
| McKinley & Sridhar, Rheol. Acta (AERC 2807)
Ann. Reviews of Fluid Mech, 2002

Sentmanat, Wang & McKinley, J. Rheol. May 2005

Importance of Extensional Rheology i

+ Dominates many processing operations
+  Effects are frequently transient in nature...
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Nonlinear Extensional Viscosity I

- Extensional flows are “strong flows" which result in extensive molecular
deformation, microstructural alignment and high tensile stresses
0 Applications: fiber-spinning, blow-molding, sheet-molding, extrusion, coating
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Tensile Stress Surface

The evolution of the extensional viscosity can be visualized as a function of

time and strain rate. )
Stretching of branched

species for De; > 1
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Polymer Melts Sentmanat, Rheol. Acta (2004) I I"
-

SER Universal Testing Platform: specifically designed
so that it can be easily accommodated onto a number
of commercially available torsional rheometers

TA Instruments version;

Can be housed within the host system's environmental
chamber for controlled femperature experiments.

0 Requires only 5-200mg of material

0 Can be used up to temperatures of 250°C

Q Easily detachable for fixture changeover/clean-up

Validation Experiments: LDPE (BASF Lupolen® 1840H)
(Sentmanat, Wang & McKinley; JoR Mar/Apr (2005)
PM,= 17,000; M, =243,000; M,/ M, =143
PCH;3/1000C = 23
PVery similar to the IUPAC A reference material

PSame polymer as that used by
Miinstedt et al., Rheol. Acta 37, 21-29 (1998)

‘Miinstedt rheometer’ (end separation method)

I L}
SER Principle of Operation I I"

"Constant Sample Length” Extensional Rheometer

Ends of sample affixed to windup drums, such that
for a constant drum rotation:
. £y =2QR/L

Resulting torque on transducer (attached fo housing)

T'=2(F+ Ffriction)R
SER Fixture with ARES Rheometer

Fe' (N)
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Comparison of LDPE Stress Growth Curves

Good agreement with LVE response at short times (+2 0.01 s) ng =30t @)
Increasing strain-hardening and sample rupture at high rates
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+  The results with the SER (red curves) show excellent agreement
with literature results from Miinstedt et al. (black symbols & lines)
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H.M. Laun, Int. Cong. Rheol. 1980

Comparison of colculated time dependent
elongotional viscosities with experimental doto
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Results for Simple Fluids i
* Newtonian Fluids + TIdeal Elastic Fluids
a McKinley & Tripathi, J Rheol., 2000 0 Entov & Hinch, INNFM, 1997
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Dilute Polymer Solutions i

+  Increasing molecular weight delays elasto-capillary breakup
*  Measured time-scale agrees quantitatively with Zimm relaxation time

- 1/(3lZimm)

SM-1 Fluid
+  SM-2Fluid
s SM-3Fluid
— -Oldroyd-B

10 15 20 25 30 35 l 40
t/(T]ORO/G) Finite Extensibility
Important in many biological processes (saliva, spinning of spider silk) 14

106 11;7
M,, [g/mol]
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Flow Through Porous Media III

Solutions of flexible polymers and self-assembling wormlike surfactants are
commonly used in enhanced oil recovery (EOR) and reservoir fracturing operations.

"\-) m l-lcuhl In\-l Viscoslaste surtactants exhibet 2 well-defined. bydro-
waka wuyched 10 an articulated tad section with a ~ 16 .
 pesved o MAic biint Siadlioos. Bl Kefi et al. (2004) Qilfield Review
Staic orming a worm- ke micelular structure.

)i © Schlumberger. All rights reserved. This content is excluded from our Creative
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Extensional Viscosity of Wormlike Surfactants i
(a) Fluid: E1

*+ Solutions of EHAC (Schlumberger VES
.. “clearfrac”,) in brine

t=18.25s t=36.5s t=54.75s t=73s

(b)Fluid: E2

10
(¢) Fluid: E3 @ ° 2 ‘e 6 8 1o
, 2 dD,y
Dmid(t):>£(t)=_ — e =MNEq arent(t)
D.. dt ~app
mid

Yesilata, Clasen & McKinley, JINNFM 133(2) 2006
Kim, Pipe, McKinley; Kor-Aust Rheol. J, 2010
=0 1=4.55 t=9s  t=135s  t=I8s
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Drag Reduction and Jet Breakup

¢ Extensional effects from polymer additives can dramatically reduce the
extent of turbulent dissipation in high Reynolds number flows

e Applications include:
O Wake reduction: sailing, submarines, high-speed swimming (dolphins)
O Flow-rate enhancement: storm drains, firehoses...

Union-Carbide
“Rapid Water”!!

'_.l.?vul..'l | . ,'_ a
)

Enhancement of fire-hose range by addition of small amounts of polyethylene oxide to water.
(Photograph, courtesy of Union Carbide Corporation.)

From W.R. Schowalter “Non-Newtonian Fluid Mechanics”( Pergamon) 1978

© Pergamon Press. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see https://ocw.mit.edu/help/faq-fair-use/.

Commercial Interest in Jet (?) Breakup

New York Times, Dec 4th, 1984
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“.if a few pieces of spaghetti are withdrawn gently there is little resistance.
But if you jerk it out, it pulls on more than you have hold of. The resistance
Is much higher.” (strain-hardening)
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Break Up of Low Viscosity Liquids Rayleigh Time Scale
+ 0.1wt% PEO (2x10° g/mol) in water PRG
O Standard test fluid; Mo =1.10x10 = Pas 1=y =0020s

O Plate diameter Ry= 3mm; Aspect Ratio L= 2.3

Rodd, Cooper-White, McKinley; Applied Rheol. 15(1), 12-27; 2005

Low Viscosity Fluids

+ Critical to Inkjet Printing
a 100-1000 drops per second
Q Drop volume 2-10 picoliter
a Eliminate formation of spray and “satellite
droplets”
+ TIdentical viscosities and surface tensions

0 One contains Poly(ethylene oxide) (PEO)
M,, = 1,000,000 g/mol, ¢=100 ppm

e A
Elastic effects Dey = ——=~0(1)
0
Inertio-capillary effects -" pRg / (e
Viscous effects Oh= o <<1

Inertio-capillary effects VPOl

Viscous effects are never important compared
to inertial, capillary, elastic effectsl!

Q Inviscid Viscoelastic Fluids....

V. Tirtaatmadja, J.J. Cooper-White et al., Phys Fluids 18 (2006)
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Comparing Theory (still to come...) & Experiments i

Measure Shear & Extensional Viscosity of a typical commercial paint
. A - : : : :
B S
JeeTTTITITITETIEEEEE FENE-P Model Parameters:

ARG2-Cone 4mm-2 degree (both shear and extensional)

-
o
©
T
L

Truncation gap: 54 microns 9 7]0 =0.1Pa.s
n,=0.03Pa.s
m-VROC Pressure Sensors . L=38
K
Flow Direction

n and (1/3)ne [Pas]

-1l e ‘ 7=001s

Gotass micro chamnet on gokd-coned silicvn e

Capillary Thinning Experiments
Shear Data-ARG2

[m}
[} Shear Data-mVROC
o

CaBER Data-Extensional Viscosity
t=-50ms =- 3 Shear Viscosity FENE-P Model

= T Extensional Viscosity FENE-P Modgl

The limit of infinite dilution: single molecule experiments III"

+  Label DNA as a model "supersized"” single flexible molecule

The Cross Slot Apparatus: A free-standing stagnation point : Perkins, Smith Chu, Science 1997

pective): “molecular individualism”
20
8

Fig. 2. Conformation-de-
pendent rate of stretching:

De Gennes (Pers,

Il

ery 0.13 s at the highest
strain rate investigated (i
= 0.86 5°'). We classfied
these configurations as
{rom top to bottom)
dumbbel, kinked, half-
dumbbel, and folded. The
molecular extension of the
lastimage in the frst row is
139 um, Sketches of
possbie molecular config-
urations are shown on the
left. (Inset) A schematic il-
lustration of the flow pat-
tern where the red rectan- 20 20
gle indicates the observation region, (B) Individual c ¢ ml';‘:““"bw )
traces of x versus I, for those molecules that romdm 1
best typify dumbbell or folded conformations. For
classfication purposes, the molecules that best 15
typffied a dumbbel configuration had approxi- T
mately symmetric “colls” at each end. For classi- 3
fication as folded, we required the initial percent- g 0 /
age of the foided section to be >75%. This clas-
sification ylelded 30 dumbbells, 34 folded, and 43 ~10 An
half-cumbbells out of 992 molecules, and these & Vg A -~ -
/ £S5 4 Halt-dumbbell | 5
> Folded

were yzed. A general classifi
tion of all molecules at & = 0.86 5" yielded 5.4% , Y assaget®®
kinked, 24% foided, 20% dumbbed, 35% hal- " Oo 10 20 Coi
dumbbet, 8.3% uniform, 5% extended, and 3% Master curve x(um) Ensemble average
cols where precedence for classification i in the 0 ° 2 o i 3 2 7 r
listed order (for example, the molecule in the sec-
ond row of Fig. 2A was classiied as kinked). Al & Twe (o) Moldency feis ()
= 0,518, this ciassification yselded 3. 7% kinked, 22
10% folded, 31% dumbbels, 33% hall-gumbbels, 8.8% unform, 3.7% ex- T 1sion X for each o jeinFig. 28 oy
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Large axial stresses ("Streamline tension")
Transient extensional stretching of chains and tensile stress growth...

-1 0 O

Polymer Additives and Extensional Rheology szé—o 0 -1 0

0O 0 +2

FENE-PM Theory
® MIT. De =17
B Monash De=14

Toronto De =12

De = )'l'é()

Anna et al. J. Rheol. 2001
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Smith, Chu, Larson, Science 1997
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Hencky Strain
© The Society of Rheology, Inc. All rights reserved. This content is excluded from our Creative
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Doyle, Shaqgfeh, Spiegelberg, McKinley, JNNFM 1997

Summary

dilute solution to the melt

* Challenges still remain:

N. Kojic et al.

-4

© The Company of Biologists Ltd.
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L. Mahadevan, Harvard
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rights reserved. This content
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* A number of well-characterized instruments now exist for performing
measurements of transient extensional rheometry for fluids spanning range from

O ‘constant volume’ devices: e.g. FISER, CABER, Miinstedt Rheometer
O ‘constant length’ devices: e.g. EVF, SER, RME = Meissner Rheometer

* Understanding the kinematics imposed by the instrument and the dynamics of
filament evolution is essential in order to extract the true material functions

Q Theory for filament deformation and rupture at very high strains
O Measurements for ‘weakly elastic’ materials “non-spinnable materials”
O Understanding and exploiting extensional viscosity on the microscale:

R. Cohn, U. Louisville

This content is excluded from our Creative
Commons license. For more information,
see https://ocw.mit.edu/help/fag-fair-use/.
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