Non-Newtonian Fluids: An Introduction

R.P. Chhabra

Abstract The objective of this chapter is to introduce and to illusgride frequent
and wide occurrence of non-Newtonian fluid behaviour in &g range of ap-
plications, both in nature and in technology. Starting with definition of a non-
Newtonian fluid, different types of non-Newtonian charastes are briefly de-
scribed. Representative examples of materials (foampggsfons, polymer solu-
tions and melts), which, under appropriate circumstandisplay shear-thinning,
shear-thickening, visco-plastic, time-dependent anchvidastic behaviour are pre-
sented. Each type of non-Newtonian fluid behaviour has Blsstrated via experi-
mental data on real materials. This is followed by a shodudision on how to engi-
neer non-Newtonian flow characteristics of a product fosatssfactory end use by
manipulating its microstructure by controlling physicoeenical aspects of the sys-
tem. Finally, we touch upon the ultimate question about the of non-Newtonian
characteristics on the analysis and modeling of the presasgpragmatic engineer-
ing significance.

1 Introduction

Most low molecular weight substances such as organic andandc liquids, so-
lutions of low molecular weight inorganic salts, molten adetand salts, and gases
exhibit Newtonian flow characteristics, i.e., at constamperature and pressure,
in simple shear, the shear stressis proportional to the rate of she@y) and the
constant of proportionality is the familiar dynamic visitgs(n). Such fluids are
classically known as the Newtonian fluids, albeit the notibflow and of viscosity
predates Newton [40]. For most liquids, the viscosity dases with temperature
and increases with pressure. For gases, it increases withdiperature and pres-
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2 R.P. Chhabra

sure [35]. Broadly, higher is the viscosity of a substancargmesistance it presents
to flow (and hence more difficult to pump!). Table 1 providegsital values of vis-
cosity for scores of common fluids [12]. As we go down in thddathe viscosity
increases by several orders of magnitude, and thus one gag Hrat a solid can
be treated as a fluid whose viscosity tends towards infinity; c . Thus, the dis-
tinction between a fluid and a solid is not as sharp as we wdkédd think! Ever
since the formulation of the equations of continuity (mas&) momentum (Cauchy,
Navier-Stokes), the fluid dynamics of Newtonian fluids hamea long way dur-
ing the past 300 or so years, albeit significant challengpsaislly in the field of
turbulence and multi-phase flows still remain.

Table 1 Values of viscosity for common fluids at room temperature

Substance n (Pa.s)
Air 107
Water 108
Ethyl alcohol 1.2x10°3
Mercury 15%10°3
Ethylene glycol 20< 1073
Olive ol 0.1

100% Glycerol 15
Honey 10

Corn syrup 100
Bitumen 16
Molten glass 1012

During the past 50-60 years, there has been a growing recmyof the fact that
many substances of industrial significance, especiallyufimhase nature (foams,
emulsions, dispersions and suspensions, slurries, ftarios) and polymeric melts
and solutions (both natural and man made) do not confornmetdléwtonian postu-
late of the linear relationship betweém) and(y) in simple shear, for instance. Ac-
cordingly, these fluids are variously known as non-Newtosti@n-linear, complex,
or rheologically complex fluids. Table 2 gives a represévedist of fluids which
exhibit different kinds and with varying severity of nonaM®nian flow behavior
[12]. Indeed so widespread is the non-Newtonian fluid bedrawi nature and in
technology that it would be no exaggeration to say that thetbigian fluid behav-
ior is an exception rather than the rule! This chapter enui@avto provide a brief
introduction to the different kinds of non-Newtonian flonechcteristics, their char-
acterization and implications in engineering applicadiofihe material presented
herein is mainly drawn from our recent books [11, 12]. Theiagstions of material
isotropy and incompressibility are implicit throughout aliscussion.
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Non-Newtonian Fluids: An Introduction

Table 2 Examples of substances exhibiting non-Newtonian FluideBeur

eAdhesives (wall paper paste, carpet
hesive, for instance)

eAles (beer, liqueurs, etc.)

eAnimal waste slurries from cattle farm
eBiological fluids (blood, synovial fluid
saliva, etc.)

eBitumen

eCement paste and slurries

eChalk slurries

eChocolates

eCoal slurries

eCosmetics and personal care prod
(nail polish, lotions and creams, lipstic
shampoos, shaving foams and creg
toothpaste, etc)

atrood stuffs (Fruit/vegetable purees and
concentrates, sauces, salad dressings,
mayonnaise, jams and marmalades, ice-
cream, soups, cake mixes and cake top-
pings, egg white, bread mixes, snacks)
eGreases and lubricating oils

#Mine tailings and mineral suspensions
esMolten lava and magmas

ePaints, polishes and varnishes

ePaper pulp suspensions

ePeat and lignite slurries

ePolymer melts and solutions, reinforced
plastics, rubber

ePrinting colors and inks
beBharmaceutical  products  (creams,
Kk®ams, suspensions, for instance)

ms,

eDairy products and dairy waste stregwfSewage sludge

(cheese, butter, yogurt, fresh cream, w
for instance)
eDrilling muds

ney,

e\Wet beach sand

eFire fighting foams

e\Waxy crude oils

STUDENTS-HUB.com

2 Classification of Fluid Behavior

2.1 Definition of a Newtonian Fluid

Itis useful to begin with the definition of a Newtonian fluid.dimple shear (Fig. 1),
the response of a Newtonian fluid is characterized by a lirdationship between
the applied shear stress and the rate of shear, i.e.,

F )
Oyx = A = N¥x 1)

Fig. 2 shows experimental results for a corn syrup and forokiog oil confirming
their Newtonian fluid behavior; the flow curves pass throdmghdrigin and the vis-
cosity values arg = 11.6 Pa.s for corn syrup angl= 64 mPa.s for the cooking oil.
Fig. 1 and equation (1), of course, represent the simplasstwaerein there is only
one non-zero component of velocit, which is a function of y. For the general
case of three dimensional flow (Fig. 3), clearly there aresbearing and three nor-
mal components of the stress tensarlt is customary to split the total stress into
an isotropic part (pressure) and a deviatoric part as

S=-pl+0 (2
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4 R.P. Chhabra

Fig. 1 Schematic represen-
tation of an unidirectional
shearing flow

Surface area, A fcyx
F —_— - de

[

Where o is traceless, i.etr - o = 0, and pressure is consistent with the conti-

Fig. 2 Typical shear stress-
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nuity equation. The tracefree requirement together withghysical requirement
of symmetryo = o' imply that there are only three independent shear compsnent
(off-diagonal elements) and two normal stress differeljdiagonal elements) of the
deviatoric stress. Thus, in Cartesian coordinates, th@se@ = Oyx), Oxz(= Ozx),
0Oyz(= 0gzy)and the two normal stress differences defined as

Primary normal stress differends, = oyx — oyy 3)

Secondary normal stress differenbl,= 0z, — oyy 4)

For Newtonian fluids, these components are related linéatlye rate of deforma-
tion tensor components via the scalar viscosity. For irtgtathe three stress com-
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Non-Newtonian Fluids: An Introduction 5

ponents acting on the—face (oriented normal to the-axis) in Fig. 3 are written

as follows N
Oxx = —2N d_; 5)
oV, oV,
ny:—n(d—;+d—xy) (6)
oNVy OV
Oxz=—N (d_ZX (9_)(2) (7)

Similar sets of equations can be set up for the stress comporedevant to thg—

Fig. 3 Stress components in y
three dimensional flow |
O-W
1
1
: ,6y Qx
z
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-l F = = = ——=X
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J o-zz
,
,
V4

andz— planes. For a Newtonian fluid, in simple sheag = ogyy = 0;,= 0, because
Vy only varies in they—direction. Thus, the complete definition of a Newtonian
fluid requires it to satisfy the complete Navier-Stokes ¢igna rather than simply
exhibiting a constant value of shear viscosity.

2.2 Non-Newtonian Fluid Behaviour

The simplest possible deviation from the Newtonian fluiddwébr occurs when the
simple shear data — y does not pass through the origin and/ or does not result
into a linear relationship between andy. Conversely, the apparent viscosity, de-
fined aso/y, is not constant and is a function aofor y. Indeed, under appropriate
circumstances, the apparent viscosity of certain maseisahot only a function of
flow conditions (geometry, rate of shear, etc.), but it alspehds on the kinematic
history of the fluid element under consideration. It is cangat, though arbitrary
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6 R.P. Chhabra

(and probably unscientific too), to group such materiale ihie following three
categories:

1. Systems for which the value gfat a point within the fluid is determined only
by the current value o& at that point; these substances are variously known
aspurely viscous, inelastic, time-independentgeneralized Newtonian fluids
(GNF);

2. Systems for which the relation betweerand y shows further dependence on
the duration of shearing and kinematic history; these alleccime-dependent
fluids and finally,

3. Systems which exhibit a blend of viscous fluid behavior @inelastic solid-like
behaviour. For instance, this class of materials showsabatastic recovery,
recoil, creep, etc. Accordingly, these are calgsto-elastioor elastico-viscous
fluids

As noted earlier, the aforementioned classification scherguite arbitrary,
though convenient, because most real materials oftenagisptombination of two
or even all these types of features under appropriate cstames. For instance,
it is not uncommon for a polymer melt to show time-independshear-thinning)
and visco-elastic behavior simultaneously and for a chlag suspension to ex-
hibit a combination of time-independent (shear-thinnimgsleear-thickening) and
time-dependent (thixotropic) features at certain corregions and /or at appropri-
ate shear rates. Generally, it is, however, possible totifgethe dominant non-
Newtonian aspect and to use it as basis for the subsequerggsraalculations.
Each type of non- Newtonian fluid behavior is now dealt witlmare detail.

3 Time-Independent Fluid Behaviour

As noted above, in simple unidirectional shear, this sulwfs#uids is characterized
by the fact that the current value of the rate of shear at at jpoihe fluid is deter-
mined only by the corresponding current value of the sheasstand vice versa.
Conversely, one can say that such fluids have no memory afhsi history. Thus,
their steady shear behavior may be described by a relatithedbrm,

¥x = f(oyx) (8)

Or, its inverse form,
Ty =171 (%) 9)
Depending upon the form of equation (8) or (9), three poks#s exist:

1. Shear- thinning or pseudoplastic behavior
2. Visco-plastic behavior with or without shear-thinnirghavior
3. Shear- thickening or dilatant behavior.
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Non-Newtonian Fluids: An Introduction 7

Fig. 4 shows qualitatively the flow curves (also called rtraots) on linear coor-
dinates for the above- noted three categories of fluid behathie linear relation
typical of Newtonian fluids is also included in Fig. 4.

Fig. 4 Qualitative flow curves
for different types of non-
Newtonian fluids 1 T 1 1 1 1

Viscoplastic

_Bingham

Shear Stress

Pseudoplastic
Newtonian Fluid_]
Dilatant Fluid

| | | ] |

Shear Rate

3.1 Shear-Thinning Fluids

This is perhaps the most widely encountered type of timefetdent non-Newtonian
fluid behavior in engineering practice. It is characterig@dn apparent viscosity
(defined agyx/ yx) which gradually decreases with increasing shear rateolyr p
meric systems (melts and solutions), at low shear ratesgfiparent viscosity ap-
proaches a Newtonian plateau where the viscosity is indkp#mf shear rate (zero
shear viscosityy,)).
Jim %= p (10)
¥x—0 Yyx
Furthermore, only polymer solutions also exhibit a similteau at very high shear
rates (infinite shear viscosity,,), i.e.,

Jim 22— p. (11)
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8 R.P. Chhabra

In most cases, the value gf, is only slightly higher than the solvent viscosity.
Fig. 5 shows this behavior in a polymer solution embracirg ftil spectrum of
values going fromm, to n,,. Obviously, the infinite-shear limit is not seen for poly-
mer melts and blends, or foams or emulsions or suspensitns, The apparent
viscosity of a pseudoplastic substance decreases withntieasing shear rate, as
shown in Fig. 6 for three polymer solutions where not onlyvthkeies ofr), are seen
to be different in each case, but the rate of decrease ofsitgosith shear rate is
also seen to vary from one system to another as well as witkhear rate interval
considered. Lastly, the value of shear rate marking thetafsghear-thinning is
influenced by several factors such as the nature and coatientof polymer, the
nature of solvent, etc for polymer solutions and particke shape, concentration
of solids in suspensions, for instance. Therefore, it isasgible to suggest valid
generalizations, but many polymeric systems exhibit tme-sbear viscosity region
belowy < 1072 s~1. Usually, the zero-shear viscosity region expands as theano
ular weight of polymer falls, or its molecular weight distuition becomes narrower,
or as the concentration of polymer in the solution is reduced
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Fig. 5 Demonstration of zero shear and infinite shear viscositiea polymer solution

The next question which immediately comes to mind is that Howve approxi-
mate this type of fluid behavior? Over the past 100 years ansoy mathematical
equations of varying complexity and forms have been redoiriethe literature;
some of these are straightforward attempts at curve fittiegetxperimental data
(o —y) while others have some theoretical basis (blended with ecign) in sta-
tistical mechanics as an extension of the application oétigrtheory to the liquid
state, etc. [9]. While extensive listing of viscosity magléd available in several
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Non-Newtonian Fluids: An Introduction 9

books e.g., see, Ibarz and Barbosa-Canovas [23] and Gandekzz [19], a repre-
sentative selection of widely used expressions is givea.her

" T ] 0
- —4—0.75% Separan AP30 + 1
[ 0.75% Carboxymethyl Cellulose in Water (7=292 K)
B —&—1.62% Separan AP30 in Water (7=291 K) b
10° —=— 2% Separan AP30 in Water (7=289.5 K) 4 10
2 3 -
[ B T o
~— <
S {1 =
g Z
g wr r RUNS
g F 1 3
: I 1 %
2 i ] =
= 7
E 1wl < 10’
< 3 ]
10" . ad 40

10° 10 10’ 10

Shear Rate (s")

Fig. 6 Representative shear stress and apparent viscosity behdor three pseudoplastic poly-
mer solutions

3.1.1 Power Law or Ostwald de Waele Equation

Often the relationship between shear strgss— shear ratéy) plotted on log-log
co-ordinates for a shear-thinning fluid can be approximéied straight line over
an interval of shear rate, i.e.,

o=m(y)" (12)
or, in terms of the apparent viscosity,
n=my"* (13)

Obviously, 0< n < 1 will yield (dn/dy) < 0, i.e., shear-thinning behaviour fluids
are characterized by a valuem{power-law index) smaller than unity. Many poly-
mer melts and solutions exhibit the valueroih the range 0.3-0.7 depending upon
the concentration and molecular weight of the polymer, Eten smaller values
of power-law indexn ~ 0.1 — 0.15) are encountered with fine particle suspensions
like kaolin-in-water, bentonite-in-water, etc. Natuyalsmaller is the value of,
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10 R.P. Chhabra

more shear-thinning is the material. The other constan{consistency index) is a
measure of the consistency of the substance.

Although, eq. (12) or (13) offers the simplest approximatid shear-thinning
behaviour, it predicts neither the upper nor the lower Neweto plateaus in the
limits of y — 0 or y — . Besides, the values aofi andn are reasonably constant
only over a narrow interval of shear rate range whence onésieeknowa priori
the likely range of shear rate to be encountered in an erstsagplication.

3.1.2 The Cross Viscosity Equation
In order to rectify some of the weaknesses of the power-lans€[14] presented

the following empirical form which has gained wide acceptaim the literature. In
simple shear, it is written as

n-n, 1
No—N. 1+m(yn (14)

It is readily seen that fon < 1, this model also predicts shear-thinning behavior.
Furthermore, the Newtonian limit is recovered here wirer 0. Though initially
Cross[14] proposed that= 2/3 was satisfactory for numerous substances, it is now
thought that treating it as an adjustable parameter offgréficant improvement in
terms of the degree of fit [4]. Evidently, eq. (14) correcthggictsn = n, and

n = n,, in the limits ofy — 0 andy — « respectively.

3.1.3 The Ellis Fluid Model

While the two viscosity models presented thus far are exasnpl the form of eq.
(9), the Ellis model is an illustration of the inverse forng, €8). In unidirectional
simple shear, it is written as

In eq. (15),n, is the zero shear viscosity and the remaining two parameteyss
anda > 1 are adjusted to obtain the best fit to a given set of datariglea> 1
yields the decreasing values of shear viscosity with irgirggshear rate. Itis readily
seen that the Newtonian limit is recovered by settiqg — oo, Furthermore, when

(0/0,,) > 1, eq. (15) reduces to the power-law model, eq. (12) or (13).
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Non-Newtonian Fluids: An Introduction 11

3.2 Visco-plastic Fluid Behavior

This type of non-Newtonian fluid behavior is characterizgdte existence of a
threshold stress (called yield stress or apparent yieds$siop) which must be ex-
ceeded for the fluid to deform (shear) or flow. Converselyhsasubstance will
behave like an elastic solid (or floen masséike a rigid body) when the externally
applied stress is less than the yield stress,Of course, once the magnitude of
the external yield stress exceeds the valuggfthe fluid may exhibit Newtonian
behaviour (constant value gf) or shear-thinning characteristics, i.g(y). It there-
fore stands to reason that, in the absence of surface teeffemts, such a material
will not level out under gravity to form an absolutely flat érsurface. Quantita-
tively this type of behavior can be hypothesized as follsush a substance at rest
consists of three-dimensional structures of sufficientityg to resist any external
stress less thaw, | and therefore offers an enormous resistance to flow, attssilli
might deform elastically. For stress levels aquvg, however, the structure breaks
down and the substance behaves like a viscous materialria sases, the build-up
and breakdown of structure has been found to be reversiblgthie substance may
regain its (initial or somewhat lower) value of the yieldests.

A fluid with a linear flow curve forg| > |00| is called a Bingham plastic fluid,
and is characterized by a constant value of viscasgityThus, in one-dimensional
shear, the Bingham model is written as:

B
00

o, (16b)

.
¥x=0 |oyx| <

On the other hand, a visco-plastic material showing si@aning behavior at stress
levels exceedin@oo| is known as a yield-pseudoplastic fluid, and their behawor i
frequently approximated by the so-called Herschel-Bylkligid model written for
1-D shear flow as follows:

H . n H
Oyx = 0, +M(¥%x) |oy| > |,

(17a)

¥x=0 oy < | (17b)

Another commonly used viscosity model for visco-plastigdiuis the so-called
Casson model, which has its origins in modeling the flow obdldut it has been
found a good approximation for many other substances alsg.[# is written as:

VIowd = /1651 + /ne [l EXE

¥x =0 |oyx| < ‘aoc’ (18b)

C
00

(18a)

While quantitative flow curves for a Bingham fluid and for alglipseudoplastic
fluid are included in Fig. 4, experimental data for a synthptilymer solution and a
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12 R.P. Chhabra

meat extract are shown in Fig 7. The meat extragt£ 17 Pa) conforms to eq. (16)
whereas the carbopol solutiog(= 68 Pa) shows yield-pseudoplastic behavior.

160 v T r T .
[ A Meat Extract 1
140 - e Carbopol Solution -1

(Pa)

yx

Shear Stress, ¢

0 5 10 15
Shear Rate, }"yx s

Fig. 7 Shear stress-shear rate data for a meat extract and for@chgolution displaying Bing-
ham plastic and visco-plastic behaviours respectively

Typical examples of yield-stress fluids include blood, yaghtomato puree,
molten chocolate, tomato sauce, cosmetics, nail polishas)s, suspensions, etc.
Thorough reviews on the rheology and fluid mechanics of videstic fluids are
available in the literature [3, 7].

Finally, before leaving this sub-section, it is approgied mention here that it
has long been a matter of debate and discussion in the literahether a true yield
stress exists or not, e.g., see the trail blazing paper afé&aand Walters [5] and the
review of Barnes [3] for different viewpoints on this mattelany workers view the
yield stress in terms of a transition from solid-like belwavio fluid-like behavior
which manifests itself in terms of an abrupt decrease inostg (by several orders
of magnitude in many substances) over an extremely narnogeraf shear rate [43].
Evidently, the answer to the question whether a substarsa jeeld stress or not
seems to be closely related to the choice of a time scale @redtson. In spite of
this fundamental difficulty, the notion of an apparent yisiess is of considerable
value in the context of engineering applications, espldiat product development
and design in food, pharmaceutical and healthcare se@&p8§].
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Non-Newtonian Fluids: An Introduction 13

3.3 Shear-Thickening or Dilatant Behaviour

This class of fluids is similar to pseudoplastic systems at they show no yield
stress, but their apparent viscosity increases with theasing shear rate and hence
the nameshear-thickeningOriginally this type of behavior was observed in con-
centrated suspensions, and one can qualitatively explais follows: At rest, the
voidage of the suspension is minimum and the liquid presetiié sample is suf-
ficient to fill the voids completely. At low shearing levelbgtliquid lubricates the
motion of each particle past another thereby minimizingdssblid friction. Con-
sequently, the resulting stresses are small. At high slages,rhowever, the mixture
expands (dilates) slightly (similar to that seen in sanded)iso that the available
liquid is no longer sufficient to fill the increased void spage to prevent direct
solid-solid contacts (and friction). This leads to the depenent of much larger
shear stresses than that seen in a pre-dilated sample ahéawmtes. This mech-
anism causes the apparent viscogjty= o/y) to rise rapidly with the increasing
rate of shear. Fig. 8 shows the representative data fos $iBpensions of various
concentrations[30]. For reference, the lines of slopeyughtewtonian behaviour)
are included in this figure. Evidently, these suspensioh#h@dboth shear-thinning
and shear-thickening behavior over different ranges odisiate and/or at different
concentrations.

Of the time-independent fluids, this sub-class has gerterasy little interest
and hence very few reliable data are available. Indeed,wmto about early 1980s,
this type of flow behavior was considered to be rare, but, kewavith the recent
growing interest in the handling and processing of systeitishigh solids loadings,
it is no longer so, e.g., see the works of Barnes [1], Boerstral.[8], Goddard
and Bashir [17], for instance. Typical examples of fluidsvging shear-thickening
behavior include thick suspensions and pastes of kaoly, Gorn flour in water,
etc.

The currently available limited information (mostly rested to simple shear)
suggests that it is possible to approximate y data for these systems also by the
power law model, eq. (12), with the power-law indg¥ taking on values greater
than unity. Notwithstanding the paucity of rheologicalalah such systems, it is
not yet possible to say with confidence whether these mieailso display limiting
viscosities in the limits off — 0 andy — .

4 Time Dependent Behaviour

Many substances, notably in food, pharmaceutical and pefsare product manu-
facturing sectors display flow characteristics which cdmeodescribed by a simple
mathematical expression of the form of eq. (8) or (9). Thiikecause their appar-
ent viscosities are not only functions of the applied sheass(o) or the shear rate
(y), but also of the duration for which the fluid has been subgktieshearing as well
as their previous kinematic history. For instance, the v@ysample is loaded into
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Fig. 8 Typical shear stress-shear rate data for;T80spensions displaying shear-thickening be-
haviour

a viscometer, by pouring or by injecting using a syringe, etituences the result-
ing values of shear stregsor shear ratg. Similarly, for instance, when materials
such as bentonite-in-water, coal-in-water suspensiedsnud suspensions (a waste
from alumina industry), cement paste, waxy crude oil, hatidhs and creams, etc.
are sheared at a constant valug/débllowing a long period of rest, their viscosities
gradually decrease as the internal structures present@geegsively broken down.
As the number of such structural linkages capable of beiokdir down reduces, the
rate of change of viscosity with time approaches zero. Cm@lg as the structure
breaks down, the rate at which linkages can re-build inegaso that eventually
a state of dynamic equilibrium is reached when the rates itdHop and of break
down are balanced. Similarly, there are a few systems regamtthe literature in
which the imposition of external shear promotes buildingo@internal structures
and consequently their apparent viscosities increasethétiduration of shearing.

Depending upon the response of a material to shear over adpefitime, it
is customary to sub-divide time-dependent fluid behavitr tvo types, namely,
thixotropy and rheopexy (or negative thixotropy). Thesediscussed in some detail
in the next section.
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Fig. 9 Typical experimental data showing thixotropic behaviouaired mud suspension [33]

4.1 Thixotropic Behaviour

A material is classified as being thixotropic if, when it i®ahed at a constant rate,
its apparent viscosity) = g/y (or the value ofo because is constant) decreases
with the duration of shearing, as shown in Fig. 9 for a red mugpension con-
taining 59% (by wt) solids [33]. As the value ¢fis gradually increased, the time
needed to reach the equilibrium valuemis seen to drop dramatically. For instance,
aty=35s1, itis of the order of~ 1500 s which drops to the value 6f500 s
aty =56 s 1. Conversely, if the flow curve of such a fluid is measured ima|si
experiment in which the value ofis steadily increased at a constant rate from zero
to some maximum value and then decreased at the same ratsteaelsis loop of
the form shown schematically in Fig. 10 is obtained. Natyréthe height, shape
and the area enclosed by the loop depend on the experimentitions like the
rate of increase/decrease of shear rate, the maximum vakleear rate, and the
past kinematic history of the sample. It stands to reasdanttalarger the enclosed
area, more severe is the time-dependent behavior of theiadateder discussion.
Evidently, the enclosed area would be zero for a purely visdhtiid, i.e., no hys-
teresis effect is expected for time-independent fluidsaDat a cement paste [38]
shown in Fig. 11 confirms its thixotropic behavior. Furthersy in some cases, the
breakdown of structure may be reversible, i.e., upon rehuidoe external shear
and following a long period of rest, the fluid may regain (rié&ing of structure)
the initial value of viscosity. The data for a lotion shownFiy. 12 illustrates this
aspect of thixotropy. Here, the apparent viscosity is seetrop from~ 80 Pa.s
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16 R.P. Chhabra

to ~ 10 Pa.s in about 5 10 s when sheared §t= 100 s* and upon removal of
the shear, it builds up to almost its initial value in about-560 s. Barnes [2] has
written a thorough review of thixotropic behavior encouatkin scores of systems
of industrial significance.

Fig. 10 Qualitative shear
stress-shear rate behaviour
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Non-Newtonian Fluids: An Introduction 17

4.2 Rheopectic Behaviour

The relatively few fluids which show the negative thixotrppg., their apparent
viscosity (or the corresponding shear stress) increaststimie of shearing are
also known as rheopectic fluids. In this case, the hystetesfsis obviously in-
verted (Fig. 10). As opposed to thixotropic fluids, extersiadar fosters the build
up of structure in this case. It is not uncommon for the sanid ftudisplay both
thixotropy as well as rheopexy under appropriate comlonatof concentration and
shear rate. Fig. 13 shows the gradual onset of rheopexy fatuaaged polyester at
60°C [37]. Note that it exhibits time-independent behavioutagbouty ~ 1377
s~1 and the first signature of rheopexy appears only at apeuR755 s which
intensifies further with the increasing value of the extéyrapplied shear. Other
examples where rheopexy has been observed include suspemdiAmmonium
oleate, of Vanadium pentoxide at moderate shear ratesyadat slurries and pro-
tein solutions.

80T
Build-up of
structure
w 60T
©
e
=
8 401
o
2
> Shearing at
"=100s !
No shearing
0

0 100 200 300 400 500 600

Duration of Shearing (s)

Fig. 12 Breakdown and buildup of structure in a proprietary bodjolot

Owing to the frequent occurrence of thixotropic behavioa irange of industrial
settings, much research effort has been devoted to theaeweht of mathemat-
ical frameworks to model this type of rheological behavifit, 16, 32]. Broadly
speaking, three distinct approaches can be discerned,lyyaroatinuum, micro-
structural and structural kinetics. Within the framewofkt® continuum approach,
existing viscosity models (such as Bingham plastic, eq), @6rschel-Bulkley, eq.
(17), or the Reiner-Rivlin, etc.) are amended by postuigtie viscosity, yield stress
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Fig. 13 Rheopectic behaviour in a saturated polyester [37]

to be functions of time. This, in turn, leads to the power-tamsistency and flow
behavior indices to be functions of time. Obviously, theadlstof micro-structure
and changes thereof are completely disregarded in thiaplprconsequently it is
not at all possible to connect the model parameters to theriyig physical pro-
cesses responsible for the structural changes in the mlateder shear and for the
subsequent buildup of structure upon the removal of sheath® other hand, the
modeling approach based on the consideration of micr@tstreirequires a detailed
knowledge of inter-particle forces which unfortunatelg aeldom available for sys-
tems of practical significance thereby severely hampehagtlivancements in this
direction. Finally, the thixotropy models based on thedtrtal kinetic arguments
hinge on the validity of a single scalar paramegegnvhich is some how a measure
of the state of the structure in a system. Obviously, it rarfgam being zero (com-
pletely broken down structure or structure-less!) to beingy (complete buildup
of structure). This approach thus comprises two equationsy relationship for a
fixed value of§ and& —t variation, akin to the rate equation for a reversible chemi-
cal reaction. This approach is exemplified by the followiagn of equation due to
Houska [22] which has been fairly successful in approxingatinixotropic behavior
of scores of systems:

Oyx = (G0 + To1) + (Mo + &my) " (19a)

E=a(l-&)—b¢y (19b)
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Non-Newtonian Fluids: An Introduction 19

where gy andmy are the so-called permanent values of the yield stress amd co
sistency coefficient respectivelgp; andmy are the corresponding time-dependent
contributions which are assumed to be linearly dependethercurrent value of
§. Thus eq. (19a) is valid for a fixed value of the structure peateré. Eq. (19b)

is the kinetic relation which governs ti§e—t relationship. The first term, namely
a(l1- &), gives the rate of structure buildup (assumed to occur uredtistate, i.e.,

y = 0) whereas the second term on the right hand side of eq. (1@ the rate

of breakdown which is a function of bothandy. Altogether, this model contains
8 parameters, thre@, b, €) are kinetic constants and the remaining 5 are material
parameters. Clearly, their evaluation warrants experieigmotocols which are far
more complex than that needed to characterize the behalvione-independent
fluids even in one-dimensional shear. Some guidelines@régiard are available in
the literature [10, 15, 16].

5 Visco-elastic behavior

For an ideal elastic solid, stress in a sheared state istijigoportional to strain.
For tension, the familiar Hookes law is applicable, and thiestant of proportion-
ality is the usual Young’s modulu§, i.e.,

o= ~Gag, = Gl (20)

When an ideal elastic solid is deformed elastically, it fegdts original form on
removal of the stress. However, if the applied stress exxcéwdcharacteristic yield
stress of the material, complete recovery will not occur amepwill take place-
i.e., the solid will have flowed! Table 3 presents typicalues of the Young’s mod-
ulus G for a range of materials including metals, plastics, polyed colloidal
solutions, foodstuffs, etc. and these values provide sliasabel some of the sub-
stances asoft solids

At the other extreme is the Newtonian fluid for which the shmepstress is pro-
portional to the rate of shear, eq. (1). Many materials ofirggying importance
show both elastic and viscous effects under appropriatemistances. In the ab-
sence of thixotropy and rheopexy effects, the material id sabe visco-elastic.
Obviously, perfectly viscous flow and perfectly elasticatefiation denote the two
limiting cases of visco-elastic behavior. In some matsriahly these limiting con-
ditions are observed in practice. Thus, for example, theogity of ice and the
elasticity of water may generally go unnoticed!! Furthereyahe response of a ma-
terial is not only governed by its structure, but also by theekatic conditions it
experiences. Therefore, the distinction betweeaolal and afluid, and between an
elasticand aviscousresponse is to some extent arbitrary and subjective whence i
far from being clearcut. Conversely, it is not uncommon fog same material to
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20 R.P. Chhabra

exhibit viscous fluid-like behavior in one situation andstiasolid-like behaviour
in another situation.

Table 3 Representative (approximate) values of Young's modul@s38]

Material Value of G
Glass 70 GPa
Aluminium, Copper and alloys 100 GPa
Steel 200 GPa
High modulus oriented fibers >300 GPa
Concrete 10— 20 GPa
Stones 40- 60 GPa
Wood 1-10GPa
Ice 10 GPa
Engineering Plastics 520 GPa
Leather 1-100 MPa
Rubber 01—-5 MPa
Polymer and colloidal solutions 1100 Pa
Dry spaghetti 3 GPa
Carrots 20—40 MPa
Pears 10— 30 MPa
Potatoes 6— 14 MPa
Peach 2-20 MPa
Raw apples 6— 14 MPa
Gelatin Gel 0.2 MPa
Banana 0.8—3 MPa

Many materials of pragmatic significance (particularlyypoéric melts and so-
lutions, soap solutions, gels, synovial fluid, emulsioosnfis, etc.,) exhibit visco-
elastic behavior. Thus, for instance, such materials haweesability to store and
recover shear energy. One consequence of this type of flhiaMie is that shearing
motion gives rise to stresses (the so-called normal ssess¢he direction normal
to that of shear. The resulting normal stresses or normedstlifferencesl; and
N, defined by eq. (3) and (4), are also proportional to shearinasimple shear.
Fig. 14 and Fig. 15 show representative data on the first acmhslenormal stress
differences for polystyrene-in-toluene solutions at 298Kkmetimes, it is custom-
ary to introduce the first (primary) and second (secondarymal stress difference
coefficientsy; andys, defined as follows:

Ny

=5 (21a)
(v)?

N,

Up=—— (21b)
(v)?

Though the actual rates of variation Hf andN, with shear rate vary from one
system to another, some general observations can be made3wrerally, the rate
of decrease ofy; with y is greater than that of the apparent viscosity. At very low
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Fig. 14 Typical first normal stress difference data for Polystyrenluene solutions [26]
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Fig. 15 Typical second normal stress difference data for polystyiia toluene solutions [26]
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22 R.P. Chhabra

shear ratesy is expected to vary ag, i.e., s, will approach a constant value in this
limit, as is borne out by some of the data shown in Fig. 14. Hitie (N; /o) is often
taken to be a measure of the severity of visco-elastic behapecifically(N; /20)

is called the recoverable shear (its value$.5 are not uncommon for polymeric
systems which are highly visco-elastic). Generally, ekpental determination of
N; is more difficult than that of shear stress,On the other hand, the measurements
of the second normal stress difference are even more diftitaih that of the first
normal stress difference. In most cadés|s typically 10% ofN; in its magnitude
and it is negative. Untill mid 1970’$\, was assumed to be zero, but it is no longer
known to be correct.

Thus, in simple shear, a visco-elastic material is charaete in terms ofN; (y),

Nz (y) ando (y); furthermore, the normal stress differences are as suchtos#as-
sify a fluid as inelasti¢N; < o) or as visco-elastid\y >> o).

So far the discussion has been restricted to the simplerenttinal shearing
flow, now we turn our attention to the two other model flow cofaions, namely,
oscillatory shear flow and elongational flow. While the firsemffers a convenient
method to characterize linear visco-elastic behavioer|atier denotes idealization
of several industrially important flows.

6 Oscillatory shear motion

Another common form of motion used to characterize visest# fluids is the so-
called oscillatory shearing motion. It is useful to consilere the response of a
Newtonian fluid and of a Hookean solid to a shear strain whaaieg sinusoidally
with time as:

Y = YmSinwt (22)

wherey, is the amplitude andv is the frequency of applied strain. For an elastic
Hookean solid, the stress is related linearly to strain, i.e

0 = Gy = GypSinwt (23)

Thus, there is no phase shift between the shear stress aarcssfaén in this case.On
the other hand, for a Newtonian fluid, the shear stress isedbta the rate of shear,

ie.,
y= d_i/ = YmWCOIWt = ymwsin(g+ wt) (24)
and here T s
0 = NY= NYm@Si(5 +6t) = Omsin(; + 1) (25)

Obviously in this case, the resulting shear stress is ouhaée by(77/2) from the
applied strain. Thus, the measurement of the phase a@ngléch can vary between
zero (purely elastic response) afrd/2) (purely viscous response) provides a con-
venient means of quantifying the level of viscoelasticifyacsubstance. Needless
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Non-Newtonian Fluids: An Introduction 23

to add here that small values &éfrepresent predominantly elastic behavior whereas
large values oD correspond to viscous behaviour. For the linear viscotielas-
gion, one can define the complex viscosityas follows:

n*=n'+in" (26)

where the real and imaginary pang,andn”, in turn, are related to the storag®)
and losgG") modulii as:

n" = —/ andn’ = G—H 27)
© ©

The storage and loss moduBii andG” are defined as:

G = Meows (28)
Ym
G = Msing (29)
Ym
Many of the commercially available instruments are equipijoe oscillating shear

tests [28].

7 Elongational flow

This model flow is also known as extensional or stretching.flovthis type of flow,
a fluid element is stretched in one or more directions, simtdahat encountered
in fiber spinning and film blowing. Other examples where tlyiget of flow oc-
curs include coalescence of bubbles, enhanced oil recoséng polymer flooding.
There are three forms of elongational flows: uniaxial, kah&ind planar, as shown
schematically in Fig. 16.

Y ~ S X
) (©)

@

Fig. 16 Schematic representation of uniaxial (a), biaxial (b) alahar (c) extension

Fiber spinning is an example of uniaxial extension (but e 1of stretching
varies along the length of the fiber). Tubular film blowing whnientails extrusion
of molten polymers through slit die and pulling the sheetfand and sideways is
an illustration of biaxial stretching. Another examplehg tmanufacture of plastic
bottles which are made via extrusion or injection moldirdioived by heating and
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24 R.P. Chhabra

blowing it to the desired size using a high pressure air sir€ue to symmetry, the
blowing step is an example of biaxial extension with equiatshing rates in the
two directions.

4> .0,

» X

e
W

N

Fig. 17 Uniaxial extensional flow

z

Naturally, the mode of extension influences the way in whtah ftuid resists
deformation and this resistance can be referred to looselyeing quantified in
terms of an elongational viscosity which depends not onfynithpe rate of stretching
but also on the type of extensional flow. For the sake of sititgliwe consider the
uniaxial extension of a fluid element at a constant &atethe x-direction as shown
in Fig. 17. For an incompressible fluid, the volume of the flelieiment is conserved,
i.e., if it is being stretched in the—directions at the rate of, it must shrink in
the other directions at the rate &f2 if the element is symmetrical ipn— andz—
directions. Under these conditions, the velocity vettas given by:

V=gxi—(£/2)y]—(£/2) Z (30)

And the rate of elongatioain thex— direction is given by:

.0V
== 31
£= 5 (31)
The extensional viscosity, is, in turn, defined as:
e = Uxx—. gYyy _ Oxx - 0zz 32)

& &

Early experiments of Trouton [42] on uniaxial elongationgdigetching a fiber or a
filament of liquid and subsequent studies confirmed thatatlongation rates, the
elongational viscosity]. was three times the corresponding shear viscopgitgnd
the ratio of the two values is called the Trouton rafig,i.e.,

T = ’ZI—E (33)
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Non-Newtonian Fluids: An Introduction 25

The value of three for the Trouton ratio for an incompressi¥ewtonian fluid is
valid for all values of andy. By analogy, when this definition of the Trouton ratio,
T, is extended to include non-Newtonian fluids, one runs interceptual diffi-
culty. This is simply due to the fact that for a non-Newtorfiaid the shear viscos-
ity is a function of the shear ratgy) and the elongational viscosity is a function of
the rate of stretching. (¢). Therefore, one needs to adopt a convention for estab-
lishing the equivalence betwegrande. Jones et al. [24] proposed the equivalence
asy = /3¢ and hence the Trouton ratio for a non-Newtonian (incomjisessuid
can now be defined as: (@)
= e 34

EIENE] ey
Furthermore, Jones et al. [24] proposed that for inelastitropic fluids,T, = 3 is
applicable for all values of andy, and any departure from the value of 3 can un-
ambiguously be ascribed to visco-elastic nature of thetanbs. For an inelastic
shear-thinning fluid, this argument predicts tension+thig in elongation also. On
the other hand, the values©fas large as 1000 have been documented in the litera-
ture for visco-elastic shear-thinning fluids. In other warslch a fluid thins in shear
but thickens in tension (strain hardening). Thereforegpxn the limits ofy — 0
ande — 0, there does not appear to be any simple way enabling théctioedof
n. from a knowledge ofy (or vice versa), and the determinationpfrests entirely
on experiments. Fig. 18 shows representative results amsxinal viscosity of a
polymer solution at a range of valueséaf

Fig. 18 Extensional be-

haviour of a PIB solution
[41]
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While the foregoing discussion shows how a visco-elastits&nce displays a
blend of fluid-like and solid-like response under appragr@onditions, the mathe-
matical equations need to be quite complex in order to adetyudescribe the be-
havior of a real fluid. However, the early attempts are basethe use of mechan-
ical analogues involving different combinations of spanglastic) and dashpots
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26 R.P. Chhabra

(viscous) in series, or in parallel, or a combination thériwee common possibili-
ties are shown in Fig. 19. One distinct feature of viscot@ldkliids is the so-called
memory effects. For instance, viscous fluids have no membereas an ideal elas-
tic solid has a perfect memory as long as the stress is witlgitinear limit. Thus,
visco-elastic fluids are characterized by using a relardtioe, or a spectrum of re-
laxation times which is roughly a measure of the span of theimory. The relevant
dimensionless parameter is the well known Deborah nuniieer,

De— Relaxation time of fluigA )
~ time scale of process

(35)
For the purpose of illustration here, let us consider the fiéa polymer solution

Fig. 19 Schematic represen-
tation of the Maxwell model

(a) the Kelvin-Voigt model (b)
the Burgers model (c) 2

G% Q 5 % — "
1
o

Q

G% N N,
=T g

(b) (©

(with a relaxation time of 10ms) in a packed bed of spheresevhdluid element
experiences acceleration and deceleration as it flows ghrthe interstices of the
bed. For a particle size of 25 mm in an industrial scale padadmn and fluid
velocity of 250 mm/s, the time scale of process is of the oodeét5/250~ 0.1 s
which is much larger than the fluid relaxation time of 10 msefgfiore, the fluid el-
ements are able to adjust to the changing flow area and onelwotiexpect to see
the visco-elastic effects in this case. The correspondahgevof the Deborah num-
ber isDe = 0.1. On the other hand, in a laboratory size smaller column cizing
250 um diameter spheres at the same fluid velocity, the time sdaleegorocess
is 250x 1076/250x 10~2 = 102 s which is much shorter than the fluid relaxation
time of 10 ms whence under these conditions, a fluid elememttigble to adjust
to the changing flow area and hence, visco-elastic effedtsnainifest. The value
of Deborah number in this case is £@0~3/10~2 = 10. This reinforces the point
made earlier that the response of a substance is not goveutedy by its structure,
but also in conjunction with the type of flow. This section @ancluded by noting
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Non-Newtonian Fluids: An Introduction 27

thatDe — O represents purely viscous response Red- o denotes purely elastic
response, and most interesting applications occur in ltieese two limits.

8 Origins of Non-Newtonian Behaviour

The foregoing discussion clearly establishes that not amlynost cases non-
Newtonian characteristics are observed in the so-caltedtsired fluids, but there
is a direct link between the type and extent of non-Newtoffiizid behavior and
the influence of the externally applied stress on the statieeo$tructure. Therefore,
the measurement of non-Newtonian characteristics is &efly used to ascertain
the state of structure in a fluid. Conversely, one can engihesstructure of a sub-
stance to impart the desired rheological properties to duymb However, before
examining the role of structure, it is useful to review twq kesssumptions implicit
in the concept of shear or elongational or complex viscpaitg the other material
functions liken, g,, N1, N2, G, etc. Firstly, the validity of continuum hypothe-
sis is implicitly assumed, i.e., micro structural detaite deemed unimportant in
evaluating the gross flow characteristics, albeit no reasdlare truly structureless
continua. Hence, the use of viscosity as a space-and tiexaged physical prop-
erty poses no problems for low molecular weight substanoesscular dimensions
~ 1—10 nm). Similarly, concentrated polymer solution or medts|oidal systems,
foams, worm-like micellar systems, etc. all possess "mgtractures” of a size ap-
proaching 1-2um which can be approximated as a continuum, except during the
flow in very fine and/or twisted flow channels. This, in turioais the average prop-
erties to be defined and assigned values which are not in#ddncthe dimensions
of flow passages. Therefore, as long as the size of micratates in much smaller
than the characteristic linear scales of the apparatus;amsafely invoke the con-
tinuum hypothesis. The second issue concerns the assumgpspatial homogene-
ity (isotropy?) of a substance so that the space-averaginganingful. Finally, as
noted here, if all fluids are "structured” to varying extenthat is so special about
substances exhibiting non-Newtonian characteristicg?riain distinguishing fea-
ture is that the structures present in the rheologicallymemsystems are not only
transient in nature, but can easily be perturbed by the egain of relatively low
stresses. For instance, the structure of cyclohexane nsmaperturbed by the ap-
plication of stresses up to about 1 MPa. In contrast, theesponding value is of the
order of 100 Pa for a polymer of moderate molecular weightayalit 200 mPa for
a colloidal dispersion containing flow units of the order 60Inm. It is this degree
of ease with which the structure can be perturbed that gises® non-Newtonian
flow characteristics in a system.

Fig. 20 and Fig. 21 show schematically the various types afrorstructures
encountered in rheologically complex systems in a rese rafevant to storage
conditions) and how these get perturbed under the actiomexirs(in a flowing
condition). Most systems contain irregularly shaped phasi with size distribu-
tion (drops and bubbles in emulsions and foams respec}jvadyoranched and/or
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Flg 20 Schematics of struc- Dispersion at rest Dispersion in flow
tures in non-Newtonian dis-
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entangled molecules in case of polymeric systems, or lgdseied clusters of
particles in suspensions, etc. At rest, micro-structurgtsiare oriented randomly
corresponding to their minimum energy state. At low levélstearing, the system
resists any deformation by offering a very high resistaiitbeeeby exhibiting a very
high value of viscosity or a yield stress. As the magnitudexdérnal shear stress
is gradually increased, the structural units (also knowtfla® units”) respond by
aligning themselves with the direction of flow, or by defongito orient along the
streamlines, or by way of disintegration of aggregates small flow units or into
primary particles. Polymer molecules which are coiled amiziiegled at low shear
rates gradually become disentangled, and finally fullyightzn out (Fig. 21). All
these changes in micro-structures facilitate flow, i.eeséhlead to the the lowering
of their apparent viscosity with shear which leads to slile@mning behavior.

Many other possibilities exist which contribute to mictoustural changes de-
pending upon the relative magnitudes of various forces a. for instance, in
sub-micron (large surface area) particle suspensionsjghaler Waals attraction
forces between particles can cause them to stick to each athis is responsible
for coagulation in colloidal systems (patrticle sizelpum). Similarly, repulsion be-
tween like charges on the surface of a particle produces @siep force which
prevents coagulation. The rheological behavior of aqu&aotn suspensions thus
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At rest

Under shear U —

Fig. 21 Schematic representation of uncoiling of a macromolecobieuthe influence of shear

can be modified by adjusting the pH of a system or by addingfastant solution.
The kaolin consists of plate-like particles and dependipgnuthe type of surface
charges, it can form different types of aggregates like ddge or face-face type in
nonflowing conditions (e.g., see Fig. 22). As expected glws possibilities result
in completely different rheological behavior, e.g., seg BB3.

The preceding short discussion is included here to giveahder a feel that it is
possible to impart desirable non-Newtonian charactesdiy tuning the physico-
chemical factors. More detailed treatments of propentyestire links for suspen-
sions, surfactant and polymeric systems are availabledditérature [12, 20, 21,
27]. Suffice it to say here that the ultimate goal is to be ableredicta priori the
type of micro-structure needed for a product to have thealelel rheological char-
acteristics for its satisfactory end use.

9 Implications in Engineering Applications

Itis natural to ask the question that how does it all impadhenengineering appli-
cations involving flow, heat and mass transfer with non-Newan fluids? In order
to answer this question, for the sake of simplicity, let ustriet our discussion to
the flow part only. In principle, one can always set up the égnaf continuity and
Cauchy’s momentum equations (written in their compact fésman incompress-
ible fluid) as follows:

0-v=0 (36)

DV

For Newtonian fluids, the deviatoric stress tengas related to the rate of de-
formation tensor by equations similar to that given by eigumat5 to 7. Significant
research effort has been expended in seeking a similar &sipreforo for non-

ﬁ SERC School-cum-Symposium on
Rheology of Complex Fluids  §

iitmadra:

5

" Jamsory 49, 2010, Indien Institute of Technalogy Madses, Chansal, India

STUDENTS-HUB.com sty Uploaded By: anonymous



30

Fig. 22 Possible forms of
agglomerates in kaolin sus-
pensions

Fig. 23 Effect of the shape

of agglomerates on the steady
shear behaviour of Kaolin
suspensions [18]
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Newtonian fluids which should be able not only to predict sttsgpendent viscos-
ity, yield stress, visco-elastic effects in shear and esitaral flows, rheopexy and
thixotropy but should also satisfy the requirements of andifference, material
objectivity, etc. [6]. Given the diversity of the materiagsging from homogeneous
polymer solutions to liquid crystalline polymers, worrkdimicellar solution, sus-
pensions, foams, for instance, this is indeed a tall ordexpect that a single con-
stitutive equation will perform satisfactorily under aifeumstances for all types of
materials. Notwithstanding the significant advances madeis field, the choice of
an appropriate constitutive relation is (and will contiiade) guided by intuition
and by experience is so far to identify the dominant charmtie of the material at
hand in conjunction with the type of flow (shear dominatethregly extensional,
mixed, etc.). Critical appraisals of the current state efdhnt and useful guidelines
for the selection of an appropriate expressionddconstitutive equation) are avail-
able in the literature, e.g., see Graessley [20], Kroge}, [@®rrison [31], Tanner
[39] amongst others. Therefore, if one were able to devetopppropriate consti-
tutive equation and/or to choose one from the existing seledt is possible to set
up the governing differential equations together withahlié boundary conditions,
albeit there are situations in which the prescription ofrmtary conditions is also
far from obvious, particularly in flows with a free surfackp tc.

Furthermore, even when the non-linear inertial terms ésgonding to zero
Reynolds number flow) are neglected altogether in the mamermguation, the
resulting equations are still highly non-linear due to thestitutive equation (shear-
dependent viscosity, other non-linear effects due to valasticity, etc.) Therefore,
except for the simple flows like the fully developed 1-dimenal flow in circular
and planar ducts, one frequently resorts to numerical isolsitwhich themselves
pose enormous challenges in terms of being highly resonteasive and in terms
of acute convergence difficulties thereby breaking downdaye values of Debo-
rah and Weissenberg numbers [34]. Finally, experimemsadilso confront similar
challenges both in terms of material characterizationdnietry) as well as in terms
of the interpretation and representation of data using dgiealess groups, e.g. see
Coussot [13] and Macosko [28] for rheometry.

In summary, the analysis of transport phenomena probleresgiheering sig-
nificance involving non-Newtonian fluid behavior is far mateallenging than that
entailing the simple Newtonian fluids. Indeed, it is such amyetask to produce
an experimental effect using a non-Newtonian fluid in labmna which cannot be
explained even qualitatively with the help of Newtoniandlunodel. It is also ap-
propriate to mention here that it is not always possible stifiyithe assumptions
of incompressibility (think of foams, gas-liquid dispenss) and isotropy (think of
fiber-reinforced plastics, liquid crystalline polymeranm composites, etc.) implicit
in the discussion presented in this introductory chapter.

ﬁ SERC School-cum-Symposium on
Z Rheology of Complex Fluids

" Jamsory 49, 2010, Indien Institute of Technalogy Madses, Chansal, India

STUDENTS-HUB.com sty Uploaded By: anonymous

iitmadra:




32

R.P. Chhabra

10 Concluding Remarks

In this chapter, consideration has been given to the diftéypes of non-Newtonian
characteristics displayed by pseudo-homogeneous mgtnickiding foams, emul-
sions, suspensions and pastes, macro-molecular systetym@r melts and solu-
tions, protein solutions), surfactants (soap solutioreipforced plastics and poly-
mers in their molten state. The discussion here is restrjmtienarily to the response
of such structured fluids in unidirectional steady sheamagon (with limited refer-
ence to oscillatory shear and elongational flows) whichdeadhe manifestation of
shear-thinning, shear-thickening, visco-plastic, thi@pic, rheopectic, visco-elastic
characteristics. Each of these is described in some detgilcsted by representa-
tive experimental data on real materials. Qualitative @xption for each type of be-
haviour is advanced to provide some insights into the natfiomderlying physical
processes. This, in turn, provides some ideas on how to miatépthe microstruc-
ture of a system to realize desirable non-Newtonian feat@enversely, the mea-
surement and monitoring of viscosity, yield stress etcragfiently used to control
product quality in food and personal care product sectorsinstance. The chap-
ter is concluded by emphasizing the influence of non-Newtofibw properties in
modeling engineering processes.
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