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Rheology A' ,

Prof. E. C. Bingham (1878-1945)

He was largely responsible for the formation of -===
the Society of Rheology and the word of R ATy i
rheology in 1929. Cont it g
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Rheology

The term deformation and flow of matter is a rather cumbersome one to cover the subjects
of elasticity, viscosity and plasticity. There is no single word to cover the field, so the only
recourse has been to invent one. The Greek roots to flow (pgw) and science (loyoo),
already familiar in numerous words such as rheostat and geology, made the term theology
appear to be at the same time distinctive and self explanatory.



Scientific Societies 7y

Society of Rheology
European Society of Rheology
Austrian Group of Rheology
Belgian Group of Rheology
Canadian Society of Rheology
Chinese Society of Rheology
French Group of Rheology
German Society of Rheology

Hellenic Society of Rheology
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[talian Society of Rheology

Nordic Society of Rheology
Slovenian Society of Rheology
Society of Rheology, Japan

Swiss Group of Rheology

Portuguese Society of Rheology
Southern African Society of Rheology
The British Society of Rheology

Vinogradov Society of Rheology


http://www.rheology-esr.org/
http://cit.kuleuven.be/ltrk/bgr/bgr.html
http:///
http://www.rheology.org.cn/
http://www.univ-lemans.fr/sciences/wgfr/
http://www.drg.bam.de/
http://esperia.iesl.forth.gr/
http://www.sir-reologia.com/
http://www.nordicrheologysociety.org/
http://rcul.uni-lj.si/%7Ecem/society_of_rheology.htm
http://www.srj.or.jp/
http://www.ar.ethz.ch/FR/
http:///
http://www.sasor.co.za/
http://innfm.swan.ac.uk/bsr/frontend/home.asp?shockwave=1
http://www.ips.ac.ru/rheo/rheologyeng.htm
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Famous Rheologists A"

J.C. Maxwell L.E. Boltzmann E.C. Bingham K. Weissenberg M. Reiner S'W. Scott Blair
(1831-1879) (1844-19006) (1878-1945) (1893-1976) (1886-1976) (1902-1987)

J.G. Oldroyd A. B. Metzner H. Giesekus

i R.I. Tanner G.H. McKinle
(1921-1982)  (19272006)  (1922-1917) - PyronBird y
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.) Newtonian Fluids .)

Newtonian Fluids

-

In Newtonian fluids, the shear stress is
only depended on shear rate linearly.




Newtonian Fluids A

n
O O Shear Shear Stress, T
. Strain, Vo ——
F=cx or t=ny /
Newton claimed that in shear flow of fluids: F oc U e ——
or F=cU
For asimple shear flow:
F : :
Tyy :X & iy =%=% = F:TXyA & U:nyy
HY. . - 2
Therfore, 1, = (%) Vo = Ty V¥ h
Finally, wehave: t,, =n7v,, H u=Uy/H
where 1 1s VISCOSITY.
zZ X
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Molecular Theory for Gases:

S NzmmkT

16 70Q
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Q,=Q, (kT /&)

n

IDEAL-GAS LAW

volume 1 volume 2

Viscosity A

/ /4

magnitude = area shaded
on force curve
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Q)’ Viscosity Q)’

Molecular Theory for Liquids:

Nh T
= exp| 3.8—%
(7 p[ Tj

The above shear-independent viscosity
for a liquid is obtained subjected that:

l

V' is the volume any molecule.

This indicates that the Newtonian
behavior occurs in liquids with
small molecular weight.

Vacant lattice

site or "hole”
Layer B —— @ . @ -vr—B-
o

Layer A ——() ® ® ® .. M

- (] —

.
-

AG!/N

+ In fluid at rest

\\ o~ In fluid under stress 7,,

Energy of molecule 1
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A . A
ay The Chemical Nature of Polymers (Macromolecules) yy

A macromolecule (polymer) is a large
molecule composed of many small
simple chemical unites, generally called
structural units.

Linear Branched

The polymers may be built from
one structural unit (homopolymer)
or made from two or more structural
units (copolymer).

(a) -~ AAABABBAABABBAB «--

(b) «+ BBAAAAAAAABBBBBBBAA +--

(c) «++ AAAAAAAAAAAAAAAAA ...
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Schematic representation of (a) random,
(b) block and (c) graft copolymers.

Structural unit
(a) (b)

(a): HDPE & (b): LDPF 12



A Svnthetic Polymers (Macromolecules A
vy y Yy ( ) >y

Typical synthesis polymer molecules
may  have  molecular  weights
between 10,000 to 20,000,000 g/mole.

The molecular weight of all of
polymer molecules may be same in a
sample. This category is called the
monodisperse.  In  contrast, in
polydisperse, the molecular weight
of molecules is different.

— 2N:M,
M= N,

For more information refer to the

section 2-1 of book of “Dynamics of
Polymeric Liquids” Ed. 2 (1987).

Polymer Monomer(s) Structural Unit
Polyethylene CH,=CH, —CHy—
Polyvinylchloride CH,=CHCI —CH,—CHCl—
Polystyrene CH,=CH —CH,—CH—
Polyacrylamide CH,=CH —CH,—CH—

éONH2 CONH,

CH, CH,
Polyisobutylene CHZZ(IZ —CHZ—Cli—

(|JH3 éH3

CH, CH,

Polyisoprene
(natural rubber)

Polydimethylsiloxane

Polyethyleneoxide
(Polyox)

Polyhexamethylene
adipamide
(Nylon 66)

Polyethylene
terephthalate
(polyester)

j o
Ho—C— H-C—on

|
CH,=C—CH=CH,

CH,

HO—-~S|i—-OH
e,
O
CH,—CH,

NH,—(CH,)s—NH,
and

(l'l) O]

Il
HO—C—(CH,),—C—OH
HO—CH,—CH,—OH

and
O
Il

—CH,—C=CH—CH,—

e
CH,

—0—CH,—CH,—

0] (0]

I |
—NH—(CH,),—NH—C—(CH,),—C—

0 0
Il Il
—O—CHZ—CHZ—O—C—Q—-C—
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Model for a PDMS chain adsorbed on a carbon
nanotube as a new supra-molecular assembly.

A highly elastic solution (2.2% polyacrylamide
in 17.8% water and 80% glycerin). The figure
is captured in “The Great Australian Science
Show”, Melbourne, 1993.



A" Natural Polymers A"

Naturally occurring polymers such as cotton, starch, and rubber were familiar
materials for years before synthetic polymers appeared on the market.
Biopolymers are polymers produced by living organisms; in other words, they are
polymeric biomolecules. There are three main classes of biopolymers, classified
according to the monomeric units used and the structure of the biopolymer
formed: polynucleotides (RNA and DNA), polypeptides, and polysaccharides.
There are other biopolymers such as rubber, suberin, melanin, and lignin.

15



‘)’ Biological Macromolecules

Biological macromolecules may have even
larger molecular weight. For example, the
molecular weight of tobacco mosaic virus
is about 40,000,000 g/mole.

Tobacco mosaic virus

16



0)’ Applications of Rheology

Polymer science (solutions and melts)
Pumping and materials transport
Chemical industries
Food production
Cosmetics industries
Bio-rheology, hemo-rheology and physiology
Control (smart fluids)
Pharmaceutical industries
Military industries
. Paints and inks manufacture
. Glass and silicates production
. Paper production
. Geology science and geophysics
. Petroleum industry
. Thickening and dewatering of mineral slurries
. Forming materials (concrete, brick & ceramics) 1]
. Reactions involving mineral slurries (gold extraction) & === ——
. Soil mechanic and chemistry i S
. Separation (more viscous, less speed)
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‘)’ Time-Independent Fluids ‘)’

Characteristics:

1. Shear dependent viscosity

2. Yield stress




Classification of Non-Newtonian Fluids

Non_Newtonian Fluids ................................. E

Time-Independent Time-Dependent

Fluids Viscoelastic Fluids




‘)’ Shear-Thinning Fluids: Apparent Viscosity ‘)’

Many of non-Newtonian fluids exhibit the pseudo-plastic behavior. This property is
found in certain complex solutions, such as lava, ketchup, whipped cream, blood,
paints, molasses, syrups, paper pulp in water, ice-cream, glue, some silicon oils, some
silicon coatings, printing inks, and disperse systems. It is also a common property of
polymeric solutions and molten polymers.

T T T
Fs) I |
| | I
| | I
| | I
| | I
I
100 ! : I
| I
0 ' |
= ' - ' I
a ' Brookfield ! :
E L '~ viscometer | :
@ ! '
[=] | I
@ ' \
2 |

-— I l
E 102} | Cone and plate |
@ | viscometer i
(=8 | |
< ' '
| I
| I
- : |

! : Capillary |

! | ) viscometer |

| | '

104 | | o | L | L

102 10° 102 104 106

Shear rate (s7)

Demonstration of zero shear and infinite shear viscosities for a shear-thinning polymer solution. 20



Temperature Effect

The viscosity of shear-thinning liquids has a strong dependency on temperature.

10 1 | V518 | | | | 1

104 10-3 10~2 10! 1 10 102 10° 104
yis~1)

Viscosity of a low density polyethylene melt versus the shear rate.

21



Shear-Thinning Fluids — Sample of Effect A

/ /4 / /4

- -
o
B
= JINC TN
@ (a) ® @ ) ®

Tube flow and “shear thinning”. In each part, the Newtonin behavior is shown on the left
(N); the behavior of a polymer on the right (P). (a) A tiny sphere falls at the same rate
through each; (b) the polymer flows out faster than the Newtonian fluid.
[Reproduced from R. B. Bird, R. C. Armstrong and O. Hassager, Dynamics of Polymeric
Liquids. Vol I: Fluid Mechanics, 2" edition, Wiley-Interscience (1987), p. 61.]
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‘)’ Shear-Thinning Fluids: Origin ‘)’

In a shear flow, the shear stress causes: Rest Flow
1. Alignment of polymer molecules .
S POy Shearing
in direction of streamlines
At rest
i —- % — -
Under shear f___._:'___'___ - e ——
-.___.-—‘_"H“'“——_ _— “‘,_____'_,_,_,-o-'-"———_
— e T s g
————__——® e e
_— W e ——

Figure 1.31 Qualitative role of shearing in uncoiling and stretching of an entwined

23
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‘)’ Shear-Thinning Fluids: Origin ‘)’

2. Breaking the cross-links

No entanglement Entangled system

24



A' Viscosity Modeling: Power-Law Model A'

Power-law equation:

TABLE 1.6. Power-law parameters

Range of y(s ') k(Pa-s") n
54.3% cement rock in water . 10-200 2.51 0.153
23.3% Illinois yellow clay in water 1800-6000 5.55 0.229
Polystyrene at 422K | | 0.03-3 1.6 x 10° 04
1.5% carboxymethyl cellulose (CMC) ' 10%-10* 9.7 0.4
in water | | .

0.7% CMC in water - 2 x 103-3 x 10* 1.5 0.5
3% polyisobutylene in decalin - 25-200 094 ~ 0.77
0.5% hydroxyethylcellulose in 293K — 0.84 0.509
~ water : - 313K — -0.30 0.595

333K - — 0.136 - 0.645

1% poly(ethylene-oxide) in - 293K | — - 0.99%4 0.532
water | 313K — 0.706 0.544

| - 333K — 0.486 0.599

All data are at room temperature (300 K) except where indicated. Data adapted from W.R.
Schowalter (1978), Mechanics of non-Newtonian fluids, p. 139, Pergamon Press, Oxford. See
also Table 1.7.



Viscosity Modeling: Cross Model Q)’

JOURNAL OF COLLOID sciENCE 20, 417-437 (1965)

RHEOLOGY OF NON-NEWTONIAN FLUIDS: A NEW FLOW
EQUATION FOR PSEUDOPLASTIC SYSTEMS

Malcolm M. Cross

Imperial Chemical Indusiries Lid., Dyestuffs Division, Hexagon House,
Blackley, Manchester 9, England

Received December 10, 1964

ABSTRACT

On the assumption that pseudoplastic flow is associated with the formation and
rupture of structural linkages a new flow equation is derived. The equation takes the

form
™™ — N,
N = N +(1+ED!”),

where D = rate of shear, ns = limiting viscosity at zero rate of shear, n, = limiting
viscosity at infinite rate of shear, and « is a constant associated with the rupture of
linkages.

Graphical methods for evaluating the three constants o , n, , and « are presented.

Experimental data are presented on a wide range of pseudoplastic systems, ranging
from suspensions to optically clear solutions, in both aqueous and nonaqueous media.
In all cases the results conform to the equation with a high degree of aceuracy over a
wide range of shear rates.

26



)

Viscosity Modeling: Cross Model

)

Cross model: The cross model is based on the rupture theory of linkages due to the shear stress.

Here, it is supposed that the viscosity is proportioned by the length of linkages.

Consider the equilibrium of an average chain having L linkages.
dL
di
Equilibrium is attained when dL/di = 0and L = keP/(ko + kyD"). Putting
L. = Ly when D = 0, we have Ly = k:P/ky . Hence
Lk
La kfu + kl De '

= ke P — (ko + k1 D")L. (2]

Le.,

L 1
I 1 + aD*’ 3]
where

a = . (4]

applied shear rate in reciprocal seconds;

total number of single particles (linked or otherwise) in unit
volume;

average number of links per chain at shear rate D;

average number of links per chain at zero rate of shear.

It

SOERE
it

I
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A Viscosity Modeling of Shear-Thinning Fluids A
/ /4 Y 5 5 ! / 4

Cross Equation (Modified by Barnes ez al. (1989)):

nyy)—n, 1
. 1+Aly,|
Carreau-Yasuda Equation:
n(7y) =M. 1

e (1+@lp )

Ellis Equation:

o
1+(z,, / le)“_l

(7 )=

*  When the deviations from the power-law model are significant only at low shear rates,
it 1s perhaps more appropriate to use the Ellis model.
* Index a 1s a measure of the degree of shear-thinning behavior (the greater the value
of a , greater is the extent of shear-thinning (a>1)).
* 17 ,,represents the value of shear stress at which the apparent viscosity has dropped to
half its zero shear value.
28



Parameters in Carreau-Yasuda Model for Some Solutions of Linear
Polystyrene in 1-Chloronaphthalene®

Viscosity Modeling

Properties of

Parameters in Eq. 4.1-9

Solution (1, 1s taken to be zero)
M, c Mo A n a
(g/mol) (g/ml) (Pa-s) (s) ) (=)
2 x 10° 0.15 1400 1.60 0.200 1.25
2 x 10° 0.088 90 3.79 x 107! 0.265 0.98
39 x 10° 0.45 8080 1.109 0.304 2
3.9 x 10° 0.30 135 3.61 x 1072  0.305 2
1.1 x 10° 0.52 1180 9.24 x 1072 0.441 2
1.1 x 10° 0.45 166 1.73 x 1072 0.538 2
3.7 x 10* 0.62 3930 1 x 101 0.217 2

“ Values of the parameters are taken from K. Yasuda, R. C. Armstrong, and R. E.
Cohen, Rheol. Acta, 20, 163-178 (1981).

The constant “a” is around 2 for many shear-thinning fluids and it describes the transitio

n

region between the zero shear rate region and power-law region.

29
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Viscosity Modeling

Sl = L LA LALLM
107 =
g0
= —
107 — =
10-" oL rprrpr v e rremo 1t
107 10-% 1ot 10? 10 10?

¥ 57"

FIGURE 4.1-1. Non-Newtonian viscosity of three polymer solutions and a soap solution as fitted
by the Carreau wviscosity equation (Eq. 4.1-9, with a = 2). [R. B. Bird, O. Hassager, and §. L
Abdel-Khalik, AIChE J., 20, 1041-1066 (1974).] A 2%, polyisobutylene in Primol 355; data of J. D.
Huppler, E. Ashare, and L. A. Holmes, Trans, Soc. Rheol., 11, 1539-179 (1968): n, = 9.23 = 107 Pa-s,
n, =150 x 107" Pa-s, 1 = 191 s, n = 0.358. O 5% polystyrene in Aroclor 1242; data of E. Ashare,
Ph.D. Thesis, University of Wisconsin, Madison (1968): #, = 1.01 = 10* Pa-s, 5, =359 x 1072
Pa-s, 1 =084 s, n = 0.364. 7 0.75% polyacrylamide (Separan-30) in a 95/5 mixture by weight of
water and glycerin; data of B. D. Marsh (1967), as cited by P. ). Carreau, I. F. Macdonald, and R. B.
Bird, Chem. Eng. Sci., 23, 901-911 (1968): n, = 10.6 Pa-s,n, = 107 * Pa's, A = 8.04 5, n = 0.364. []
7% aluminum soap in decalin and m-cresol; data of J. D, Huppler, E. Ashare, and L. A. Holmes, loc.
cit.: g = 89.6 Pa-s, 5, = 1072 Pa+s, 4 = 1.41 5, n = 0.200,

/ /4
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.) Modeling the Complex Flows .)

For modeling the wviscosity of

complex non-Newtonian flows, Ou, J
: —— dy
we need a unique shear rate (called dy
The Generalized Shear Rate (q)) to T
calculate the viscosity from the u L_

models (constitutive equation).

T
u (% y+dy) T

For Simple Shear Flow:

. ou
yxy - g : auy ax
Ay ] T
For 2D Flows: _j <
u
~d
yxy — yyx — @4_@ 3): X
oy Ox
< ux+dx, y) —————
X
>
31



A Modeling the Complex Flows A
/ /4 / /4

Remember that the shear rate is a cinematic tensor
with nine components defined as:

ou. 7
Y - VV + VVT and v‘flj - a—XJ (Stress E:llj-laflmfi:ngms;rsdisrectinnsj
ou v ow | <
[0);9 Ox OX Tensional Stress =
vy —| o4 v ow
& ay ay ay Compressional Stress
ou Ov Ow
| oz 0z 0z a Shemess
| ,0u du v du o]
8X oy oOx 0z O0X VV=D+W
V= M v G v oWy <D:1(VV+VVT), wzl(VV—VVT)
oy Ox oy 0z Oy 2 2
I.
u ow v ow 0w p-ly
82 0x 0z Oy 0z L2

- - 32



A Modeling the Complex Flows A
/ /4 / /4

In order to define the generalized shear rate, we can use the invariants of shear rate tensor
because the results must be independent from type of coordinate system and, rotation and
movement of frame: SPEPASNI N

I_tr(y)_z Yii

Il =tr(y’ ):Z Z ViV
i
I=tr(y . ):Z Z Z ’yij’.y jk’.Yki
ik

Other combinations of these three could be played the role of invariants. For example, the
following combination is usually used for this purpose:

I,=I

1
2= E (12 'H)

1;%(13 SLIH21ID=|y|

Key Question#1: Which invariants should be used as the generalized shear rate?

33



A Modeling the Complex Flows A
/ /4

/ /4

For simple shear flows, the non zero term is only: ou

v dimension _ _
boundary plate 0 0 @ 0
(2D, moving) | wvelocity, u dy
shear stress, T

: . | ou

3 Y=|— 0 0
fluid gradient, —E: 6y

' 0 0 0

boundary plate (20, stationary)

Therefor, 1=11=0 & =2y, > = q=7, = ,/%H

where q is the generalized shear rate.

The first invariant (I) is always equal to zero due to continuity equation. Using the
above calculation, the following relation is suggested for complex flows:

1 1
q= ‘/EH = \/E(vxxz Yy Y 21, 27,0 427, )

Key Question#2: What is the role of the third invariant in definition of
generalized shear rate?
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A Shear-Thickening Fluids A
/ /4 5 / /4

A dilatant (also termed shear thickening) material is one in which viscosity increases

with the rate of shear rate.
Finger movement :

At rest

£ 3——— Solid particle 00 o ©

Q Liquid %86%’2‘&%8
0 iV

Schematic representation of shear-thickening behavior.

Under shear 0 O

This type of fluid behavior was observed in concentrated suspensions
and it is important in handling and processing of systems with high
solids loadings. Typical examples of materials exhibiting dilatant
behavior include concentrated suspensions of china clay, titanium
dioxide and corn flour in water. This behavior could be modeled using
power-law equation considering n>1.




End of presentation
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