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ABSTRACT

MEASUREMENT OF THIXOTROPIC PROPERTIES WITH A BACK EXTRUSION (ANNULAR

PUMPING) DEVICE

BY

Fernando Alberto Osorio-Lira

Many fluid foods exhibit time-dependent behavior. Several

problems have been reported regarding the traditional use of rotational

rheometers to evaluate time-dependent behavior. Back extrusion (annular

pumping) is presented as a new method for evaluating thixotropy.

A technique was developed to evaluate thixotropy by using a seven

parameter model equation for a thixotropic fluid in conjunction with the

equations describing the back extrusion of a Herschel Bulkley fluid.

A new mathematical expression was derived to evaluate time-

dependent behavior of a thixotropic fluid in a back extrusion device.

The model was applied to typical thixotropic fluids: a 7% bentonite

suspension, and a 1% Iota-Carrageenan solution. Testing was conducted

in both concentric cylinders and parallel plates geometries considering

steady shear and oscillatory modes (parallel plate only). The results

of these tests were compared to the results obtained with the back ex-

trusion technique.



FERNANDO ALBERTO OSORIO-LIRA

One of the main advantages of the back extrusion technique is

that it allows one to follow the changes that occur in yield stress over

time after the sample has been disturbed and allowed to rest. This fact

means that the future potential for this technique is excellent.
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CHAPTER 1

INTRODUCTION

1.1 Research Justification

Many fluid foods exhibit time-dependent behavior. Knowledge of

rheological properties of thixotropic food stuffs is required to solve

food industry problems in numerous areas : process and equipment design,

quality control, evaluation of processing parameters, product develop-

ment and shelf-life studies, evaluation of consumer acceptance or

texture .

Several rotational instruments : concentric cylinders, mixer vis-

cometer, parallel plates and cone and plate have been used to evaluate

time-dependency. Techniques such as step change in shear stress, step

change in shear rate, hysteresis loop, and oscillatory testing have been

developed and used with the mentioned instruments.

Several problems have been reported in the literature regarding

the use of rotational rheometers to evaluate thixotropy : sample creep-

ing out of the gap (Mewis, 1979); partially sheared time-dependent yield

stress sample undergoing shear at a steady rotational speed in the gap

of a rotational rheometer; strong dependence of the shear rate, at a

given rotational speed, on the time-dependent change of the fluid

properties (Nguyen and Boger, 1987). An additional problem is that many



food materials contain large particles which cannot be accommodated in

the narrow gap of rotational instruments.

One of the most used techniques to evaluate thixotropy with rota-

tional rheometers is the rate step change, where the rate of rotation of

the bob is changed to a given value and the shear stress is measured

with time until equilibrium is reached. Nguyen and Boger (1987) con-

cluded that meaningful transient data cannot be obtained with the

constant speed experiment using the concentric cylinder geometry for

time-dependent fluids with yield stress.

It is obvious from the above discussion that there exists a need

for developing new techniques to study thixotropy. The back extrusion

(annular pumping) test method presents advantages: all the material

present in the gap is sheared during the test; loading problems are min-

imized so that the sample is not disturbed before testing; and flushing

effects may reduce sedimentation problems. Hence, the development of a

method to investigate thixotropy based on the back extrusion geometry is

a valuable contribution to the field of rheology.



1.2 Objectives

The objectives of this study were : (1) To develop a technique to

evaluate the thixotropic characteristics of fluids by using back extru-

sion testing; (2) To evaluate materials with known thixotropic behavior

in a back extrusion device. To accomplish these objectives the follow-

ing were also conducted: (1) A review of methods of measuring

thixotropy; (2) Selection of a model mathematical equation to describe

thixotropic behavior; (3) Analysis of the flow characteristics of

materials obeying this model in back extrusion geometry.



 

CHAPTER 2

LITERATURE REVIEW

2.1 Definition of Thixotropy

The term thixotropy was first used to describe an isothermal,

reversible, gel-sol (liquid-liquid) transition due to mechanical agita-

tion (Mewis, 1979). At present, the term thixotropy is used to describe

the continuous decrease of apparent viscosity with time under constant

shear rate, and the subsequent recovery of viscosity when the flow is

discontinued (Bauer and Collins, 1967; Reiner and Scott Blair, 1967).

The opposite effect also exits and is known as antithixotropy (Cheng and

Evans, 1965), rheopexy (Van Wazer,l963; Skelland,l967) or negative

thixotropy (Whorlow,l980).

From its definition, thixotropy is associated with time-dependent

effects. Time effects are reflected in shear rate effects but the

relationship might be complicated. As viscoelasticity deals with

similar effects, the relative positions of both needs to be explained.

First, the definition of thixotropy does not exclude elastic effects;

one important difference is that the time-dependent behavior of vis-

coelastic fluids arises because the response of stresses and strains in

the fluids to changes in imposed strains and stresses respectively is

not instantaneous; in a thixotropic fluid such response is instantaneous

and the time-dependent behavior arises only because of changes in the

structure of the fluid as a result of shear (Cheng and Evans, 1965).



 

Therefore, the time scale of thixotropy is not necessarily associated

with the time scale for viscoelastic relaxation (Mewis, 1979).

2.2 Mechanism of Thixotropy

The material for this section is mostly based on the excellent

review paper by Dr. Cheng (1987).

The phenomenon of thixotropy results from the microstructure of

the liquid system (Kemblowski and Petera, 1981). Thixotropy may be ex-

plained as a consequence of aggregation of the suspended particles

(Gillespie, 1960; Michaels and Bolger, 1962; Firth and Hunter, 1976; Van

de Ven and Hunter, 1977). In these systems interaction occurs between

the particles as a result of the attraction due to Van der Waals forces

on the one hand, and the repulsion due to electrostatic effects on the

other. The stability of the system depends upon the existence of a

potential energy barrier which prevents the particles from approaching

close to one another. In this way, the comparatively weak physical

bonds between the particles give rise to aggregation.

If the suspension is at rest, the particle aggregates can form a

spatial network and the suspension develop an internal structure; the

network has to be strong enough to resist destruction by the disin-

tegrating effects of Brownian motion. When the suspension is sheared,

the weak physical bonds are ruptured and the network breaks down into

separate aggregates, which can disintegrate further into smaller frag—

ments called flow units (flocks). Brownian motion causes collisions



between the flow units, and a subsequent growth in the number of ag-

gregates. After some time at a given shear rate, a dynamic equilibrium

is established between aggregate destruction and growth, and at higher

shear rates the equilibrium is shifted in the direction of greater dis-

persion.

The energy dissipated in the flow process which has just been

described can be divided into two parts,

a) that attributable to the viscous flow of the liquid around the

flow units, and

b) the additional energy dissipated because of the breakdown of

the bonds between flow units, either within or between the aggregates.

The main reason for the decrease of the apparent viscosity of the system

with increasing shear rate is the decrease of that part of the energy

dissipation which is attributable to the rupture of interparticle bonds

(the number of bonds is lower at higher shear rates).

Interparticle forces are derived from the interatomic and inter-

molecular forces on the surface of particles. It is usual to describe

these forces in terms of intermolecular potential energy, the deriva-

tive of which gives the force. Positive slope gives attraction,

negative slope gives repulsion. The potentials have the form shown in

Fig. [1]. At large molecular separations there is Van der Waals’ at-

traction. When the molecules are very close together, the steep Born

repulsion comes into play. Under the influence of the attraction, par-

ticles come together until the repulsion is felt. Under equilibrium the



particle separation is given by the minimum in the potential function,

the potential well, at which distance the interparticle force is zero.

If the particles are sufficiently small, Brownian motion tends to

move the particles up the potential curve, then separates and disperses

them. For larger species, however, Brownian motion is weak and as par-

ticles collide, the attraction holds them in the potential well and they

are said to be coagulated. In practical terms, this means that the par-

ticles in the dispersion do not remain dispersed for long and they

coagulate to form large agglomerates which settle out under gravity.

Under this condition, the particles and the dispersion are said to be

unstable.

A solid particle is often negatively charged on the surface. In

a suspending liquid containing electrolytes, the surface may carry

specifically adsorbed co-ions (forming the inner Helmholtz layer). To

balance this negative charge, positive counter-ions are attracted to the

particle, as shown in Fig. [2]. Close to the surface, the counter-ions

are strongly held to form the outer Helmholtz or Stern layer. Further

from the surface, the counter-ions are less strongly held: the ionic

concentration decreases gradually with distance (the Gouy diffuse

layer). If the particle is made to move in the liquid, the strongly

held Stern layer moves with it, while the ions in the Gouy layer are

left behind. A shear plane therefore marks out the boundary between the

Stern and the Gouy layer. The potential at the shear boundary is the

zeta-potential, g . Neither the position of the shear plane nor the

value of the potential are well defined in the literature.
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When two particles meet, the electrical double layers interact

and a repulsive potential is developed. The total potential takes the

form shown on Fig. [3] and it has three special features. First is the

secondary minimum at a large separation into which particles flocculate.

If the minimum is shallow, the flocs formed are weak and can be readily

deffloculated by shear. If the minimum is deep, strong flocs are

formed.

Second is the primary minimum at small separation. This is

usually very deep and particles that aggregate into this form very

strong clusters. The process is referred to as coagulation to distin-

guish it from flocculation associated with the secondary minimum.

The third feature is the potential maximum, Vmax, which con-

stitutes a barrier to coagulation. If it is high, neither Brownian

motion nor kinetic energy imparted on the particles by shear can make

them come close together. If Vmax is less than the kinetic energy,

shear can cause coagulation. If Vmax is less than kT, Brownian motion

can cause coagulation (k =Boltzman constant; T = absolute temperature).

As the zeta-potential is increased, the potential barrier in-

creases and the secondary minimum becomes shallower. Thus, high surface

charge promotes stability, prevents coagulation and is conducive to weak

flocs.

Brownian motion of individual particles within a flow unit (or

floc; a floc is composed of only a small number of particles) can lead
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to its break—up, as can violent collisions between flow units brought

about by Brownian encounter. On the other hand, less violent encounter

of flow units can result in aggregation.

Both shear and Brownian motion can lead to structural breakdown

or build-up. In the case of Brownian build- up and shear breakdown,

thixotropy is obtained. Negative thixotropy results from Brownian

breakdown and shear build-up.

Immobilization of fluid in the flocs is usually considered one of

the main contributions to low shear viscosity. At higher shear rates

the flocs decrease in size thereby reducing the amount of immobilized

liquid (Mewis, 1980).

2.3 Rheological Equations of Thixotropy

The general principles of thixotropic and antithixotropic be-

havior are understood. Although these phenomena occur in a large

number of important materials, it remains extremely difficult to make

any predictions. The specific mechanisms which determine the response

of individual systems or classes of systems have not been analyzed in a

systematic manner (Mewis, 1979).

Various approaches can be followed to develop a theoretical

description for thixotropic materials. One should be able to calculate



13

the mechanical properties of the system from the fundamental charac-

teristics and the composition of the constituents. At present the

qualitative aspects are well covered and the quantitative ones are

progressing for very dilute and for some very concentrated systems

(Mewis, 1980).

The rheological characteristics of materials such as polymers,

suspensions, dispersions and emulsions have been studied extensively

using some of the following (De Kee et a1, 1983) : phenomenological

methods, microrheological methods and empirical methods.

The phenomenological methods can be separated further into two

broad classes (i) continuum theory equations, and (ii) a structural

kinetics approach. Using continuum mechanics theory to develop a

theoretical description for thixotropic materials presents some problems

because simplifications, valid in polymer rheology, cannot be applied

to thixotropy without further verification. For example, some

thixotropic materials behave solid-like at low stress levels and liquid-

like at high stress levels; as a result the consecutive order

approximations must fail, also the structural recovery is based on in-

teractions which can have a non-negligible range of action. Whether the

presence of such interactions eventually invalidates the principle of

local action is not known.

A large number of theoretical analyses use the structural

kinetics approach. This means that the change, over time, of rheologi-

cal parameters is caused by changes in the internal structure of the
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material. The nonlinear, time-dependent behavior can be described by a

set of two equations: the first gives the instantaneous stress as a

function of the instantaneous kinematics for every possible degree of

structure, the second is a kinetic equation which describes the rate of

change for the degree of structure as a function of the instantaneous

value of the structure and the instantaneous kinematics. A structural

parameter ,n, was introduced by Cheng and Evans (1965). The constitu-

tive relation involving this parameter is given by a pair of equations,

i.e., the equation of state:

0 = Mine) 7 [l]

and the rate equation

—§’,§— - gem) [21

After differentiating Eq [1] and substituting Eq [2] Cheng

(1973) obtained,

% = «'(amfi— + fl'(a,~‘r) [31

Normal stress effects are not considered in this model, which has

only been applied in shear flow.

Another approach is to start from the microstructure to calculate

the rheological properties. For thixotropic materials, a few attempts
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have been made (Mewis,l979). They refer to dispersions and try to give

a more detailed picture of the microstructure than the structural

kinetics models.

Mercer and Weymann (1974a, 1974b) developed a set of coupled dif-

ferential equations giving the rate of change of the aggregate size

distribution for spheres.

The main difficulty with these models is the lack of knowledge

of the structure of thixotropic materials. Different materials have dif-

ferent microstructure: entangled and gelled macromolecules, particulate

chains and networks, spherical aggregates, and card-house structure. It

is not quite clear how a single explicit model could cover the detailed

behavior of the various microstructures (Mewis, 1979).

Different types of equations that have been developed for

thixotropic fluids (Table 1). Some of the equations have been developed

using continuous mechanics theory, others using structural kinetics ap-

proach, and some are empirical equations.



T
A
B
L
E

1
.

R
e
f
e
r
e
n
c
e

S
l
i
b
a
r

a
n
d

P
a
s
l
a
y

(
1
9
6
4
)

H
a
r
r
i
s

(
1
9
6
7
)

E
q
u
a
t
i
o
n
s

f
o
r

T
h
i
x
o
t
r
o
p
i
c

M
o
d
e
l
s

N
o
t
e

T
h
e

a
u
t
h
o
r
s

d
e
v
e
l
o
p
e
d

a
m
e
m
o
r
y

f
u
n
c
t
i
o
n

m
o
d
e
l

t
o

a
n
a
l
y
s
e

b
r
e
a
k
d
o
w
n

a
n
d

r
e
c
o
v
e
r
y
.

N
o

e
x
p
e
r
i
m
e
n
t
a
l

c
o
n
f
i
r
m
a
t
i
o
n

g
i
v
e
n
.

T
h
e

a
u
t
h
o
r

a
p
p
l
i
e
d

c
o
n
t
i
n
u
u
m

t
h
e
o
r
y

t
o

o
b
t
a
i
n

i
n
t
e
g
r
a
l

e
q
u
a
t
i
o
n
s

f
o
r

d
e
s
c
r
i
b
i
n
g

t
i
m
e

d
e
p
e
n
d
e
n
t

i
n
e
l
a
s
t
i
c

f
l
o
w
.

N
o

e
x
p
e
r
i
m
e
n
t
a
l

c
o
n
f
i
r
m
a
t
i
o
n

g
i
v
e
n
.

E
q
u
a
t
i
o
n

1 2

a
(
t
)

[
1
1
0
(
t
)
]

-
a
c
r
i
t
(
t
)

1
1

l 2
[
1
1
0
(
c
)

]

l

[
1
1
0
(
c
)
]

2
>

a
c
r
i
t
(
t
)

 

'
2

fl
I
i
j
(
t
)

i
f

w
i
t
h

t
l

[
I
I
.
(
t
'
)
]
2

e
x
p
(
-
a

(
t
-
t
'
)
)

d
t
'

 

0
1
'
0
0

t
1

fl
+

[
1
1
:
1
(
t
'
)
]
2

e
x
p
(
-
a

(
t
—
t
'
)
)
d
t
'

-
0
0

c

n
(
t
)

-
q
,

-
I

£
,
(
I
I
.
(
t
)
,
I
I
I
.
(
t
'
)
)
M
(
t
-
c
'
)
d
t
'

'
B

7
7

E
q
u
a
t
i
o
n

N
u
m
b
e
r

[
4
]

_

L"

he [
6
]

[
7
]

16



T
a
b
l
e

1
(
c
o
n
t
'
d
.

)
.

T
u
n
g

e
t

a
1
.

(
1
9
7
0
)

D
e

K
e
e

e
t

a
1
.

(
1
9
8
3
)

M
o
o
r
e

(
1
9
5
9
)

I
n
:
C
h
e
n
g

(
1
9
8
7
)

W
i
l
s
o
n

(
1
9
8
6
)

H
a
h
n

e
t

a
1
.

(
1
9
5
9
)

C
o
n
c
e
n
t
r
i
c

c
y
l
i
n
d
e
r

e
x
p
e
r
i
m
e
n
t
s

w
i
t
h

f
r
e
s
h
,

a
g
e
d

a
n
d

g
a
m
m
a

i
r
r
a
d
i
a
t
e
d

e
g
g
w
h
i
t
e

E
x
p
e
r
i
m
e
n
t
s

w
e
r
e

c
o
n
d
u
c
t
e
d

o
n

a
c
o
n
e

a
n
d

p
l
a
t
e

v
i
s
c
o
m
e
t
e
r

w
i
t
h

h
o
n
e
y
,

y
o
g
u
r
t
,

m
a
y
o
n
n
a
i
s
e
,

s
a
l
a
d

d
r
e
s
s
i
n
g
,

a
n
d

t
o
m
a
t
o

j
u
i
c
e

W
a
s

t
h
e

f
i
r
s
t

a
u
t
h
o
r

t
o

p
r
o
p
o
s
e

a
n

e
q
u
a
t
i
o
n

o
f

s
t
a
t
e

a
n
d

a
r
a
t
e

e
q
u
a
t
i
o
n

t
o

s
t
u
d
y

t
h
i
x
o
t
r
o
p
y

T
h
e

a
u
t
h
o
r

d
e
v
e
l
o
p
e
d

t
h
i
s

e
x
p
r
e
s
s
i
o
n

t
o

u
s
e

i
t

i
n

s
c
a
l
e

u
p

t
e
s
t

f
o
r

t
u
r
b
u
l
e
n
t

f
l
o
w
.

N
o

e
x
p
e
r
i
m
e
n
t
a
l

c
o
n
f
i
r
m
a
t
i
o
n

g
i
v
e
n
.

M
o
d
e
l

a
p
p
l
i
e
d

t
o

s
i
l
i
c
o
n
e

o
i
l
,

p
r
i
n
t
i
n
g

i
n
k
s
,

s
h
a
v
i
n
g

c
r
e
a
m
,

m
a
y
o
n
n
a
i
s
e
,

a
n
d

g
r
e
a
s
e
.

M
o
d
e
l

c
h
e
c
k
e
d

f
o
r

h
e
a
v
y

m
i
n
e
r
a
l

o
i
l

w
i
t
h
i
n

a
s
h
e
a
r

r
a
t
e

r
a
n
g
e

-
1

o
f

7
1

t
o

3
3
0

s

a
-
A
"
B

l
l
o
g
t

l
o
g
(
a

-
o
e
)

-
A
,

-
B
,
t

d
n

d
t

w
h
e
r
e

k
-

a
i
b

 

+
i
E p
-
l

-
-
k

(
n

-
n"
p
e
X
P
(
-
t
p
7
)

}

)
n

e

a
-

(
n
m

-
c

x
)

t

d
n
 a

-
0
1
m
+

q

 

d
U

d
y

 

 

-
a

(
1

-
n

)
-

b
x

i

+
(
0
1
0

-
0
1
m
)

e
x
p
(
-
k
2
t
)

 

[
8
]

[
Q
]

[
1
0
]

[
1
1
]

[
1
2
]

[
1
3
]

[
1
4
]

[
1
5
]

[
1
6
]

[
1
7
]

17



T
a
b
l
e

1
(
c
o
n
t
'
d
.
)
-

F
r
e
d
r
i
c
k
s
o
n

(
1
9
7
0
)

G
o
d
f
r
e
y

(
1
9
7
3
)

P
e
t
r
e
l
l
i
s

a
n
d

F
l
u
m
e
r
f
e
l
t

(
1
9
7
3
)

S
t
o
r
e
y

a
n
d

M
e
r
i
l
l

(
1
9
5
8
)

T
h
e

a
u
t
h
o
r

p
r
e
s
e
n
t
s

a

m
o
d
e
l

f
o
r

t
h
i
x
o
t
r
o
p
i
c

s
y
s
t
e
m
s

c
o
m
p
o
s
e
d

o
f

s
u
s
p
e
n
s
i
o
n
s

o
f

s
o
l
i
d

p
a
r
t
i
c
l
e
s

i
n

l
i
q
u
i
d
s
.

N
o

e
x
p
e
r
i
m
e
n
t
a
l

c
o
n
f
i
r
m
a
t
i
o
n

g
i
v
e
n
.

C
o
n
e

a
n
d

p
l
a
t
e

v
i
s
c
o
m
e
t
e
r
,

u
s
e
d

i
n

t
h
e

r
a
n
g
e

o
f

0
.
9

t
o

9
0

s
-

w
i
t
h

f
u
e
l

o
i
l

W
e
i
s
s
e
n
b
e
r
g

r
h
e
o
g
o
n
i
o
m
e
t
e
r

w
i
t
h

b
o
t
h

c
o
a
x
i
a
l

a
n
d

c
o
n
e

a
n
d

p
l
a
t
e

c
o
n
f
i
g
u
r
a
t
i
o
n

i
n

t
h
e

s
h
e
a
r

r
a
t
e

r
a
n
g
e

o
f

-
,
1

0
.
0
0
1

t
o

1
0
0

s
,
w
i
t
h

s
e
v
e
r
a
l

t
y
p
e
s

o
f

c
r
u
d
e

o
i
l

a
t

d
i
f
f
e
r
e
n
t

t
e
m
p
e
r
a
t
u
r
e
s

E
x
p
e
r
i
m
e
n
t
s

w
e
r
e

c
o
n
d
u
c
t
e
d

w
i
t
h

a
m
y
l
a
s
e

s
o
l
u
t
i
o
n
s

o
n

a
c
o
a
x
i
a
l

c
y
l
i
n
d
e
r

v
i
s
c
o
m
e
t
e
r

i
n

t
h
e

s
h
e
a
r

4
-
1

r
a
n
g
e

o
f

0
t
o

1
0

s

 

[
1
3
]

—
9
9

-
-
—
§
7

(
w

-
t
o
)

+
a

k
7
2

d
t

[
1
9
]

 

w
h
e
r
e
:

w
-

f
l
u
i
d
i
t
y

(
i
n
v
e
r
s
e

o
f

v
i
s
c
o
s
i
t
y
)
,

¢
°
'
¢
a

-
e
q
u
i
l
i
b
r
i
u
m

f
l
u
i
d
i
t
y

a
t

z
e
r
o

a
n
d

i
n
f
i
n
i
t
y

s
h
e
a
r

r
a
t
e
s

r
e
s
p
e
c
t
i
v
e
l
y
,

A
'
,
k

-
m
a
t
e
r
i
a
l

p
a
r
a
m
e
t
e
r
s
.

P
(
t
)

'
”
m

+
A
fl
i
e
X
P
(
-
t
/
A
1
)

+
A
fl
z
e
X
P
(
-
t
/
X
2
)

[
2
0
]

A
u

-
A
#
'

i
n

[
2
1
]

w
h
e
r
e
:

A
,

,
A
,

-
m
a
t
e
r
i
a
l

p
a
r
a
m
e
t
e
r
s
,

A
p
,
,

A
u
,

-
v
i
s
c
o
s
i
t
y

d
e
f
i
c
i
t
s
.

 

1
-

1
+

—
§
A
j

t
+

s
a
”

.
[
2
2
]

w
h
e
r
e
:

k
,
p
s
,
a

,
p
,
fi
'
,
B

a
n
d

m
-

m
a
t
e
r
i
a
l

p
a
r
a
m
e
t
e
r
s
,

Y

q
,
q
o

a
n
d

n
-

i
n
s
t
a
n
t
a
n
e
o
u
s
,

i
n
i
t
i
a
l

a
n
d

e
q
u
i
l
i
b
r
i
u
m

e
v
i
s
c
o
s
i
t
i
e
s

a
t

a
p
a
r
t
i
c
u
l
a
r

s
h
e
a
r

r
a
t
e
.

+
—
g
—

-
«

u
,
e
x
p
r
-
(
k
2
+
k
.
+
>
c
)

+
k
:

k
,

+
"
s

[
2
3
1

1
_
_

.
.

1
+

k
2

1
1

+
k
1

7

 

 

18

 



T
a
b
l
e

1
(
c
o
n
t
'
d
.
)
.

R
i
t
t
e
r

a
n
d

G
o
v
i
e
r

(
1
9
7
0
)

C
a
m
i
n
a

a
n
d

R
o
f
f
e
y

(
1
9
7
1
)

E
x
p
e
r
i
m
e
n
t
s

w
e
r
e

c
o
n
d
u
c
t
e
d

o
n

a
c
o
a
x
i
a
l

c
y
l
i
n
d
e
r

v
i
s
c
o
m
e
t
e
r

w
i
t
h

p
e
m
b
i
n
a

c
r
u
d
e

o
i
l

i
n

t
h
e

s
h
e
a
r

r
a
t
e

-
1

r
a
n
g
e

o
f

1
0

t
o

5
0
0

5

D
a
t
a

f
o
r

h
i
g
h
l
y

p
i
g
m
e
n
t
e
d

p
a
i
n
t
s

w
i
t
h
i
n

a
s
h
e
a
r

r
a
t
e

,
1

0
.
0
5

t
o

1
0

s

w
h
e
r
e

a
,

k
1
,
}
:
2

a
n
d

N
o

a
r
e

m
a
t
e
r
i
a
l

p
a
r
a
m
e
t
e
r
s
'

n
o

i
s

t
h
e

N
e
w
t
o
n
i
a
n
v
i
s
c
o
s
i
t
y

o
b
t
a
i
n
e
d

a
f
t
e
r

p
r
o
l
o
n
g
e
d

s
h
e
a
r
i
n
g

a
t
h
i
g
h

s
h
e
a
r

r
a
t
e
s
.

a
-
0

0
8
°

+
a
s
c
o

l
o
g
-
—
—
-
7
—
—
—
—
—
-
—
-

-
-

K
0

"
s
o

_
a

l
o
g
t

-
l
o
g

K
D
R

 

 

w
h
e
r
e

K
-

7
—
—

a
”

-
e
q
u
i
l
i
b
r
i
u
m

s
h
e
a
r

s
t
r
e
s
s

a
t

h
i
g
h

s
h
e
a
r

r
a
t
e
s

a
S

-
s
t
r
u
c
t
u
r
a
l

s
t
r
e
s
s

K
D

-
r
a
t
e

c
o
n
s
t
a
n
t

o
f

a
n
e
t
w
o
r
k

d
e
c
a
y

p
r
o
c
e
s
s
.

1 n

a
_

a
'

.
1
.

‘
I

7

a
'
,

7
'

-
m
a
t
e
r
i
a
l

p
a
r
a
m
e
t
e
r
s
,

n
-

f
u
n
c
t
i
o
n

o
f

t
i
m
e

-
s
t
r
u
c
t
u
r
a
l

s
t
r
e
s
s
e
s

a
t

0
,

1
a
n
d

w
m
i
n
u
t
e
s

[
2
5
]

[
2
6
]

19

 



T
a
b
l
e

l
(
C
o
n
t
'
d
’
)
'

C
h
e
n
g

a
n
d

E
v
a
n
s

(
1
9
6
5
)

Z
i
t
n
y

e
t

a
1
.

(
1
9
7
8
)

T
i
u

a
n
d

B
o
g
e
r

(
1
9
7
4
)

C
o
n
e

a
n
d

p
l
a
t
e

v
i
s
c
o
m
e
t
e
r

w
i
t
h

6
.
5

%
b
e
n
t
o
n
i
t
e

s
u
s
p
e
n
s
i
o
n
s
.

-
1

S
h
e
a
r

r
a
n
g
e

o
f

2
.
4

t
o

7
3
4

5

A
l
s
o

a
n

a
l
k
a
l
i
n
e

p
e
r
b
u
n
a
n

l
a
t
e
x

_
1

i
n

t
h
e

r
a
n
g
e

o
f

8
.
5

t
o

7
3
4

s

B
e
n
t
o
n
i
t
e

i
n
w
a
t
e
r
,

s
h
e
a
r

r
a
t
e

-
1

r
a
t
e

r
a
n
g
e

o
f

4
8
.
6

t
o

1
3
1
2

s

M
a
y
o
n
n
a
i
s
e

s
a
m
p
l
e
s
.

S
h
e
a
r

r
a
t
e

-
1

r
a
n
g
e

o
f

0
.
4
1

t
o

2
0
5

3

d
o

.
_
Q
j

,
.

d
c

a
'
(
0
.
1
)

d
t
‘
-
fl
(
0
.
7
)

 w
h
e
r
e

6
0

8
0

d
x

(
I
v
_

_
_

0
fi
’
_

_
_
_
.

.
—

a
?

a
n

d
t

(
1

*
*

a
-

K
0

1
“

-
p

(
K
0

-
K

)
7
“

e
x
p
(

-
p

(
c

-
a

)
)

d
o

c
a
n

(
0

[
2
7
]

[
2
8
]

[
2
9
1

[
3
0
]

[
3
1
]

20

 



T
a
b
l
e

l
(
c
o
n
t
'
d
-
)
-

G
o
d
f
r
e
y

B
e
n
t
o
n
i
t
e

i
n

w
a
t
e
r
.

S
h
e
a
r

r
a
t
e

I
n
:
S
e
s
t
a
k

e
t

_
1

a
1
.

(
1
9
8
2
)

r
a
n
g
e

o
f

4
8
.
6

t
o

1
3
1
2

s

C
a
r
l
e
t
o
n

e
t

a
l
.

B
e
n
t
o
n
i
t
e

i
n

w
a
t
e
r
.

S
h
e
a
r

r
a
t
e

,
1

(
1
9
7
4
)

r
a
n
g
e

o
f

2
7

t
o

1
3
1
2

s

t

a
-
K
m
fi
n
”

+
(
K
,
+
K
2
)
i
n

-
I

a
“

(
A
,

+
a
,

)
d
o

w
h
e
r
e
:

K
1

*

A
l
-
T
e
x
p

‘

K
2

*

B
1

-
—
:
;

e
x
p

-

y
y
‘

n
+

K
i
n

w
h
e
r
e
:

d
x

—
-
—

-
a

(
l

-
n

)
-

b
i

5

d
t

[
3
2
]

[
3
3
]

[
3
4
]

21



22

2.4 Techniques for Measuring Thixotropy

Transient measurements should provide useful information when

studying time effects, but it should be kept in mind that several

parameters will affect the measured time function (Mewis, 1979).

According to Cheng (1980), experimental techniques to measure thixotropy

can be divided into three major categories: rotational methods, tube

flow methods and miscellaneous methods.

2.4.1 Rotational Methods

Many experiments can be performed using rotational viscometers

and rheometers:

1) A step function in shear stress or shear rate.

2) Successive step functions in shear rate: The high shear/low

shear test; test in which at each shear rate the sample

is sheared until equilibrium is reached and then rested

for different periods; the step shear rate test where the

sample is sheared to equilibrium at a constant shear rate

before a step change to another shear rate, and so on.

3) The hysteresis loop test involving consecutive increase and

decrease in shear rate: changes in shear rate step wise

and at regular time intervals; changes in shear rate is

continuous at controled acceleration; the top shear rate

is held constant for some time before the decrease is
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initiated.

4) Oscillatory test: sinusoidal change in shear.

5) Stress relaxation test used in two ways: The measuring element

is displaced against the torsion spring and then allowed

to swing back under the action of the unwinding spring;

the outer driven cylinder is set into motion, and the

transient response of the inner cylinder is recorded.

2.4.2 Tube Flow Methods

Testing involving flow through tubes is not often used for

thixotropic measurements because the large variations of shear stress

and shear rate render data interpretation difficult, although not impos-

sible. For certain materials such as those containing large particles

or rheological species which cannot be accommodated in the narrow gaps

of rotational instruments, the tube flow method has to be used.

2.4.3 Miscellaneous Tests

Ad hoc testing may be carried out by a number of means. They in-

clude penetrometer, falling plunger in a close-fitting tube and rotating

paddle.

Nondestructive techniques have been developed to supplement or to

replace mechanical measurements on thixotropic systems. For suffi-

ciently transparent materials, optical measurements can be used. Ross

(1970) applied light scattering to bentonite suspensions to investigate
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its optical transmission dependence on shear rate, temperature and con-

centration.

Dielectric techniques have been used but they are limited to

materials containing conductive elements in a nonconductive medium

(Mewis,l979).

Mixer viscometer technique has been used by Steffe and Ford

(1985) to evaluate shelf-stability of starch-thickened, strained

apricots, by measuring torque decay as a function of time over various

storage periods. Ford and Steffe (1986) quantified thixotropy in

starch-thickened, strained apricots and found that it showed irrevers-

ible thixotropy. They used a modified Tiu and Boger (1974) method.

A rapid testing method for characterizing the rheological be-

havior of gelatinizing corn starch slurries was developed by Steffe et

al (1989). Results gave sample temperature and torque response as a

function of time.

Steffe and Osorio (1987) used a subjective method to evaluate

time dependency with help of the back extrusion technique. They tested

numerous baby food products in a cylindrical container and both hollow

and solid rods. Using an Instron Universal Testing Machine, the sensor

was thrust through an undisturbed sample. Then the probe was withdrawn

and the sample thoroughly mixed to allow complete mechanical degradation

of the material. When the mixing was complete, the force was recorded

while the sensor was pushed into the material a second time. Curves for
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the first and second thrust were significantly different and provided a

measure of thixotropy.

2.4.4 Problems when Measuring Thixotropy

It is assumed that the rheological data is obtained in properly

designed experiments. Some important problems are enumerated below.

Because time effects are normally very slow, instruments with a shear

rate gradient in the sample, as in capillaries, are not recommended.

Large entrance effects can be expected and only the equilibrium behavior

can be adequately derived from the data (Mewis, 1979).

For the analysis of the time effects, a constant shear rate

through the sample is essential. Thixotropic samples are most often

strongly nonlinear at low shear rates and even show a yield stress. For

a coaxial viscometer, this can lead to severe restrictions on the radii

ratio ( Van Wazer et a1., 1963).

Some authors have considered superanomalous behavior (Sestak et

a1., 1982) where there exits a region where the equilibrium shear stress

decreases with increasing shear rate. It can be considered as a region

with a negative power law index, which would give rise to stability

problems in any measuring device. With heterogeneous materials slip

might occur.
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Many thixotropic materials have a tendency to show shear fracture

( Hutton,l963). Also, at higher shear rates they creep out of the gap

thereby reducing the cross section of sheared material. The effect is

most pronounced in plate-and-cone viscometers and in parallel plate in-

struments but it can also occur in coaxial cylinders.

For the determination of transients, if the variable structure

responsible of thixotropy is not deformable enough, the structural

changes can be inhomogeneous through the sample (Mewis, 1979).

Nguyen and Boger (1985) found that due to the initial solid-like

behavior of their sample--concentrated bauxite residue suspensions--

standard methods and viscometric instruments normally recommended and

used for thixotropic fluids were unsuitable. By using a concentric

cylinder viscometer, the transient data obtained were not reproducible

due to serious wall slippage and a flow discontinuity near the shearing

surface. Cheng (1984) reported similar observations with other con-

centrated suspensions.

2.5 Back Extrusion Theory

The term back extrusion has been generally used to describe the

situation were a solid rod is thrust downward into a cylindrical cup

containing the experimental sample (Fig. [4]). Downward movement of the
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rod displaces material, causing it to be extruded in the direction op-

posite to that of the rod, i.e., backward; hence, the name back

extrusion (Steffe and Osorio, 1987).

2.5.1 Analysis of Time-Independent Fluids

The Herschel Bulkley model describes the flow characteristics of

a large number of industrially important materials. Special cases of

this model are the Newtonian model, power law model, and Bingham plastic

model. A Herschel Bulkley fluid can be written as,

where:

00

dv

dr

 
= 00 + 7) l—Cfi’ [351

- shear stress, Pa

- yield stress, Pa

- consistency coefficient, Pa sn

-1
- shear rate, 3

= flow behavior index, dimensionless

During the analysis of a Herschel Bulkley fluid in a back extru-

sion device, the following assumptions were made (Osorio-Lira, 1985)

a.

b.

The density is constant;

The fluid is homogeneous;

. The fluid has achieved steady state flow;

. There is no elasticity or time-dependent behavior;

. The flow is laminar and fully developed;

. The cylinders are sufficiently long that end effects may be
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Figure 4. Schematic representation of the back extrusion device.
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neglected;

g. The temperature is constant.

In addition, the following boundary conditions were assumed for

the time-independent analysis:

a. There is no slip at the walls, or v(a) = -Vp and v(R) = O;

b. The definition of a Herschel Bulkley fluid implies a region of

"plug flow" (Fig. [5]) where the shear stress, a, must reduce to zero at

the boundary and inside the plug.

To analyze the time independent flow characteristics of a

Herschel Bulkley fluid in a back extrusion device, four dimensionless

numbers are defined:

T - g R = dimensionless shear stress; [36]

2 do

To - _F_R__ a dimensionless yield stress; [37]

l

2 n

w - ___fl___ v = dimensionless velocity; [38]
n+1

P R

where:

p0" P1

P = ————-—— = pressure drop per unit of length, Pa/m;

L  



 

 

‘0 v(a)

    
    
 

|||

III

III ”‘0

L III

III

III

III

III

bva-V‘ll

" I| I

'III

I"
I'l

l [11

g X- X A, 1

Figure 5. Schematic representation of coordinates describing

the axial flow in a back extrusion device.



31

The analysis of a fluid that follows the Ostwald-de-Waele model,

also called the power law model, in a back extrusion device has been

done by Osorio and Steffe (1987). The behavior of a Bingham plastic

fluid in a back extrusion device has been studied by Osorio et al

(1989). They developed mathematical expressions to find the effects of

plunger velocity and yield stress on the velocity profile.

2.5.1.1 Basic Equations

This is a brief summary of the basic equations required to under-

stand the theory of back extrusion. Refer to Osorio-Lira (1985) for a

complete development of the theory.

Applying a force balance in a core of fluid in the annular gap of

a back extrusion device gives an expression for the shear stress in the

annulus:

 H, [.7]

where the radial distance r = AR represents a position at which a = O.

p - r/R is the dimensionless radius. A+ and A_ represent the bounds on

the plug flow region. They are those values of p for which [T] = To in

the region A_ < p < 1+.

The following two conditions need to be met when characterizing

the flow behavior of a Herschel Bulkley fluid in a back extrusion

device,
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2 2 n [2-3] 2 2 n [2-3]

[ p 4 “Yo/2] p dp - [ A -p -Top ] p dp [401

A+ K

and

(A ‘To) 1 1 1 l 1

2 2 n ('5 2 2 n ('3)

[A -p -Top] p dp - [p 4 -Top] p dp - 45p [41]

K M.

where:

2

A =A+(A+-To) [42]

and the dimensionless flow rate is given by

Q - ¢ K [43]

From the above first two expressions, the value of A+ and T0 are

obtained when the rheological parameters are known.

2 00

From To - —F—R—— , the pressure drop per unit of length, P,

is determined.





33

2.5.1.2 Dimensionless Shear Stress at the Plunger Wall

The dimensionless shear stress at the plunger wall is given by,

A (A - To)
+ +

Tw - K - K [44] 

2.5.1.3 Shear Stress at the Plunger Wall

The shear stress at the plunger wall is obtained from,

a , ———2w [451

2.5.1.4 Dimensionless Shear Rate at the Plunger Wall

The dimensionless shear rate at the plunger wall is given by,

 

A(A-T)

[——‘é-d] =[+ 1 O -K-To] [46]

p-K

2.5.1.5 Shear Rate at the Plunger Wall

The shear rate at the plunger wall for a Herschel Bulkley fluid

is,
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[47]

2.5.2 Force Balance on Plunger

When the plunger is forced down into the sample, fluid flows up-

ward in the annulus. At a constant plunger velocity, the total force

applied in the plunger is equal to the force due to the shear stress on

the plunger wall plus the force due to static pressure pushing upward on

the bottom surface of the plunger. The static force at the base of the

plunger is composed of the buoyancy force and the force responsible for

fluid flow in the upward direction (Morgan et a1., 1979).

The following important expression relates the force corrected

for buoyancy (Feb) (being applied on the plunger) to the following vari-

ables : (i) dimensionless shear stress at the wall (Tw); (ii) pressure

drop per unit of length (P); and (iii) the geometric dimensions of the

rod and cylinder containing the fluid (K). This expression was obtained

from the force balance on the plunger.

Fcb

-;rifzf§— - P ( Tw + K ) [48]

To obtain the unknown rheological properties of a Herschel

Bulkley fluid in a back extrusion device, the procedure developed by

Osorio-Lira (1985), summarized in the next section, is followed.
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2.5.3 Determination of Rheological Properties of a Herschel Bulkley

Fluid

The rheological properties of a Herschel Bulkley fluid may be

determined from the following steps (Osorio-Lira, 1985):

1. For a given plunger velocity Vp’ determine the expression Feb/«LaR.

This quantity may be expressed in terms of P, Tw and K as,

Fcb

« LaR

2. Assume a value for the flow behavior index n;

- P ( Tw + K )

3. Assume a value for the dimensionless yield stress To;

4. Using Eq. [37] determine the pressure drop per unit of length P, with

the value of yield stress 00 calculated with the following equation,

FT'b
003 e

2 n a L

where:

00 = yield stress, Pa

FT = recorded force after the plunger is stopped, N

e

Fb - buoyancy force, N

a - radius of the plunger, m

L - length of annular region, m

5. With To, n and K solve Eqs. [40] and [41] to evaluate Q with Eq.

[43], and get the value of A+.

6. Use Eq. [44] to evaluate Tw‘

7. Determine the consistency coefficient from the following expression,
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1

- 2

o - 2—’1 “ V_p_1< {48-611
P R R

8. Compute the expression P ( Tw + K )

9. Return to step 3, to obtain at least three values of P ( Tw + K ) and

n at a given n.

10. Return to step 2, to plot the necessary curves at different n values

that cover the range needed to obtain the correct n value.

11. Plot the values of P ( Tw + K ) versus n with n as a parameter.

12. Draw the line corresponding to the value of Feb/(«LaR) computed in

step 1.

13. Use a new plunger velocity vp and repeat steps 1 to 12 for this new

value of v .

P

The rheological properties of the fluid are found when, for a

specific flow behavior index n, the consistency coefficient is the same

in the the curves corresponding to different plunger velocities.

With n and n known, the shear stress at the wall may be computed

using the values of T0 and A+ obtained at a given plunger velocity v

for the known flow behavior index n. Eqs. [46] and [47] are used to

calculate the dimensionless shear rate and actual shear rate, at the

plunger wall. Also, Eqs. [44] and [36] are used to determine the dimen-

sionless shear stress and the actual shear stress, at the plunger wall,

respectively.





CHAPTER 3

THEORETICAL.DEVELOPMENT

3.1 Selection of Rheological Model

The criteria used to select the rheological model for a time de-

pendent fluid in a back extrusion device were based on the following:

a. it should be simple;

b. it should describe time independent behavior when the

sample is under a constant shear rate for a long period of

time

c. it should consider the presence of yield stress;

d. it should take into account the fact that yield stress

changes with time for a time-dependent fluid.

The Kemblowski and Petera model (1979, 1980) was selected because

it was developed from basic principles following the 'simple fluid' ap-

proach developed by Noll (1958,1972). Also, this model takes into

account the presence of a yield stress which changes with structural

changes in a time-dependent fluid. The model collapses to a time inde-

pendent model ( the Herschel Bulkley model ) when the time dependency is

0V6I'Come .
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The fact that the Kemblowski and Petera model collapses to a

Herschel Bulkley fluid enables the use of back extrusion theory in a

logical way to accommodate both time-dependent and time independent be-

havior.

3.1.1 Kemblowski and Petera Model (1979, 1980).

Using Noll's (1958,1972) approach, the constitutive equation of a

thixotropic fluid can be written as

q
.

= G ($.0) [49]

where:

a - time derivative of the shear stress, Pa/s

a - shear stress, Pa

7 - shear rate, 3-1

Eq. [49] describes elastico-viscous fluids as well as thixotropic

fluids. For elastico-viscous fluids of the rate type the response of

the shear stress to the change of shear rate is delayed. For inelastic

thixotropic fluids the response to the change of shear rate is im-

mediate. Therefore, the shear stress has to be a function of the shear

rate

a = h (7,n) [50]
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where n denotes some additional variables characterizing the state of

thixotropic fluid.

The state of the material in viscometric flow (i.e. laminar

shearing flow) is determined at a given time t by an ordered pair (7,0)

as seen from Eq. [49]. If the fluid is sheared long enough at a con-

stant shear rate, an equilibrium value of shear stress is obtained.

Eq. [50] has to fulfill Eq [49] and is called the rheological

equation of state. Eq. [49], after introducing Eq. [50] into it, leads

to a differential equation of the function n(y,t) which is called the

rate equation.

It is assumed that the thixotropic material has a yield stress,

below which the material behaves as an elastic solid. The value of the

yield stress depends on the value of the structural parameter n and it

may be denoted as Uy(n).

In the case of a fully recovered structure of the material (5» w)

the yield stress assumes the value

00 = lim ay(n) — lim 08(7) [51]

nvw 7*0

In the case of a fully destroyed structure of the material (n+0)

lim 0 (n) = 0 [52]

neo y
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In general,

a (n) - lim h(7,m) [53]

Y 7.,0

The function ay(n) is a monotonically increasing function and ful-

fills the following inequality,

0 S ay(n) S 00 for n 2 0 [54]

Considering the above, it can be assumed that the function ay(n)

may be described by an exponential equation:

0y - 00 ( 1 - exp( - A as )) [55]

where A and s are constants. Eq. [55] fulfills the conditions given by

Eqs. [51], [52] and [54].

To obtain a generalized equation of state of a thixotropic

material with a yield stress, the following assumptions are made,

i- the equilibrium flow curve is described by the

Herschel Bulkley equation

0'00+'I"Yn [561

ii- the equation of the family of curves of constant K

may be written as
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a - a, ( 1 - exp( - A n5 )) + M 7m [57]

with M - M ( n )

iii-the equilibrium function of the structural parameter

is given by

(n-m)
n -(°<7)e [581

where:

a = a constant = 1 s

m - exponent defined by this equation,

dimensionless

Eq. [58] shows that when the shear rate increases to a very high

value, the structural parameter decreases to a very small value, and in

the limit when the shear rate is infinite, the value of the structural

parameter is zero (i.e., when 7 4 m, a fully destroyed structure is

obtained). On the other hand, if the shear rate is decreased to a limit-

ing value of zero, the structural parameter gets very high, indicating a

fully recovered structure ( i.e, for 7 + O, a fully recovered structure,

5 + w, is obtained). Also Eq. [57] , when 7 4 0, fulfills Eq. [53].

From assumptions i to iii, the generalized equation of state may

be written as (Appendix B),
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“1‘11

00"

a - 00(1 - exp(- A ms))+n 7m n+ ———-;———- exp(- Ans) [59]

Eq. [59] has the following properties:

i- in the case of n - ”e - ( a 7 )(n - m) ,

with a - 1 5, Eq. [59] collapses to Eq. [56].

ii- when do - O , Eq. [59] reduces to the power law model.

iii- when n 70, Eq. [59] reduces to the power law case, and

iv- when n 7m, Eq. [59] reduces to

a = 00 + n x 7m [60]

which, after introducing the equilibrium value of n given by Eq. [58]

leads to Eq. [56].

The Rate Equation.

To take into account the difference in destruction and recovery

rate of the material structure, the function CA is defined as,

x ; when x s 0

[61]

:
4
C
)
>
b
d

x ; when x > 0

where:
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A = A ( 7 ).

C = C ( 7).

x - arbitrary real value, and

l
A a - ——— 62¢ [ 1

with ¢ - ¢ (7) having the dimension of time and called the natural

time function of the thixotropic material.

The rate equation may be written as

n - CA (we - n ) [63]

where k is a substantial derivative. It is assumed that the rate of

building and destruction can be expressed as a first order reversible

reaction.

Integration for 7 - constant leads to,

C

K = ”e + ( No ' Ne) eXP ( 'X ) [64]

for "e S no with me - ”e (7)

and

.c =n+(n-n)exp(-9c) [65]
e ° e A

for ”e 2 0 With me = ”e (7)

where n - no for t = 0 for Eqs. [64] and [65]

Assuming that the function ¢ may be approximated by a straight

line, i.e.
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.1, -~<a.+b&> [“1

with a, and b > 0, and averaging the function C(7) in a given range of

7, the following is obtained,

n - ne + ( no - ne) exp ( - (a + b 7)t) [67]

< . _ .
for ne _ no With ne ne (7)

n = ne + ( no - ne) exp ( - C (a + b 7)t) [68]

for ne > no with ne = ne (7)

In this model there are nine parameters to be determined: 00, n,

'1, m, S. A. a, b, C.

Figure 6 illustrates the meaning of the parameters described

above. When the sample is placed in the test station, first it is

sheared at a given shear rate (7B) until an equilibrium shear stress

(aBe) is obtained. At that moment the shear rate is increased or

decreased (7A) and the shear stress value (0A) obtained immediately

after the shear rate change is recorded. The sample is continually

sheared until equilibrium (aAe) is reached at this shear rate. After

reaching this point, the shear rate is brought to the initial shear rate

(78) until equilibrium shear stress (aBe) is reached again. The shear

rate is changed to a new value (7C) and the corresponding initial value

of shear stress is recorded (0C); the test continues until the equi-

librium shear stress (ace) at this shear rate is reached. The points





45

ABC in Fig. 6 generate a curve corresponding to a constant structural

parameter value. The exponent of this curve corresponds to the value m

defined in Eq. [58], and the extrapolated value of shear stress when the

shear rate is zero corresponds to the yield stress (a (n)) associated

with that value of structural parameter, defined in Eq. [55].

By repeating the procedure outlined above at other initial shear

rates, a family of curves of different structural parameter values are

generated, and from these, the parameters A and 3 defined in Eq. [55]

may be calculated.

By following the transient shear stresses after a change in shear

rate has been performed (i.e. from 0A to 0Ae at 7A) during several

cycles, the values of the natural time function ¢ defined in Eq. [62]

can be obtained.
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Figure 6. Illustration of the experiment to obtain the

parameters of the Kemblowski and Petera model.
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3.1.2 Modified Kemblowski and Petera Model

The complete Kemblowski and Petera model gives two different

equations (Eqs. [67] and [68]) depending on whether the shear rate is

increased or decreased from an original shear rate where the sample has

been allowed to reach equilibrium. The only difference between Eq. [67]

and Eq. [68] is the function in the exponential term. This difference

comes from Eq. [62] where a natural time function o is defined. This

function, $, is assumed to be linear in Eq. [66]. With all this assump-

tions, it would be necessary to determine nine parameters from Eq. [59].

The approach followed in this study was to replace the parameter

CA(¢) defined by Eq. [61] by a parameter F, called the inverse time con-

stant. This parameter is the inverse of the natural time function ¢

defined in Eq. [62]. With the definition of P, only one equation is

needed to express the structural parameter n. Also, F is a function of

the shear rate, but this definition of F allows one to find any type of

relationship between F and shear rate, and it does not limit this

relationship to a linear equation. In this way, this definition

generalizes the Kemblowski and Petera model.

Rewriting Eq. [63] in terms of F gives,

n - I‘ (Ice - K)
[63'5”

where:
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P - F(7) - inverse time constant for a thixotropic fluid in a

back extrusion device, 3'1

Integration for a constant shear rate leads to,

n a ne + ( no - ne) exp ( - Ft) [67.a]

where:

An equilibrium value for a thixotropic material is defined as the

steady value obtained, at a given shear rate, after a time long enough

that there are no variations in the value being measured over time

Considering both Eq. [59] and Eq. [67.a], there are seven

parameters determined in the current work: do, n, n, m, s, A, and F.

3.2 Use of Back Extrusion Device to Measure Thixotropic Characteristic

In this section, a fluid mechanics study of a time-dependent

fluid in a back extrusion device will be conducted. The model of

thixotropy developed by Kemblowski and Petera (1979,1980) will be incor-

porated to the mathematical equations developed by Osorio-Lira (1985)

for a Hesrchel Bulkley fluid in a back extrusion device.
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In the case of a very long pipe (L 7 m) the structural parameter

of a thixotropic fluid changes from no to the equilibrium values cor—

responding to the local shear rates at the various points in the pipe

cross section. Therefore, the local shear stress at a cross section far

away from the pipe entrance will be given by Eq. [56].

It is assumed that the fluid entering the annulus in a back ex-

truder has a uniform structure, characterized by no. It may also be

assumed that the entrance region may be neglected, i.e. the fluid effec-

tively enters the annulus with an established velocity profile

corresponding to the rheological properties at the entry conditions.

This is because, for a fluid of high apparent viscosity, the boundary

layer develops quickly (Kemblowski and Petera, 1981).

At a cross section near the annulus entrance, where the velocity

profile is fully developed, but where the structural parameter is still

approximately equal to no (a constant), the local shear stress is given

by Eq. [60].

Because the flow behavior indexes are unequal (m i n) Eqs. [60]

and [56] describe at the same linear velocity uz, different distribu-

tions of the local axial velocity. The velocity field in the pipe has

two velocity components: one axial and the other radial. The radial

component arises from the fact that the fluid must move at right angles

to the axial direction if the velocity profile is changing (Kemblowski

and Petera, 1981).
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Eq. [39] for a Herschel Bulkley fluid in a region of the annulus

2

 

PR

2 (P‘T)

Assuming that the shear stress for a time-dependent fluid in an

annulus can be written as,

2

A

a -(A.+B.>R<p-—p-> [691

where A1 - A1( 2), and is a function of the axial coordinate z. In the

special case of A1(z) - 0, Eq. [69] describes the flow of a fluid with

no memory, for which the axial pressure gradient is constant. Then,

1
Bl --2—Pm [70]

and the radial pressure gradient is zero, i.e.

.12_
6r 0 [71]

For a thixotropic fluid, conditions [70] and [71] are fulfilled

for z 4 m, because then ( at Vz- constant) the fluid becomes time inde-

pendent.

The function A1(z) has to fulfill the following conditions,

A(z) 4 0 for z 4 w , [72]

A(z) 4 A for z 4 O [73]

Condition [72] assures that for z 4 w the term A1(z) vanishes,

and, from Eq. [39],





51

a -P-3—<p-——> ‘ [741
I I2

R A
=P— -_

75OIO l02(P P) I]

assuming that

R A2

A = P - P -—— K - ——- 761 II... [0]2< K) [1

where K = -g—

It is necessary now to generate a function, A1(z), which fulfills

conditions [72] and [73]. A1(z) determines the rate of change of the

pressure gradient in the axial direction, and depends on the natural

time constant of the fluid. As the natural time increases, the pressure

gradient will approach the equilibrium value P more slowly.

Q

The velocity profile in the cross section of the annulus changes

from a profile with an exponent m to a profile with an exponent n (where

m > n). Because the values m and n are not usually much different

(Kemblowski and Petera, 1981) it may be assumed that the velocity

profiles do not differ significantly. For fluids with high values of

the natural time constant (in comparison with the residence time in the

annulus) the mean velocity profile will be closer to that for the ex-

ponent m. It may be assumed therefore that the velocity distribution in

the whole annulus is characterized by the exponent m. Consider a steady
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state distribution of the structural parameter in the annulus. This

distribution is given by Eq. [63] as

an an 62

—at"3‘z'—a£'1‘<'°e"°> “’31
k a

where:

P - F (7) - inverse time constant of the thixotropic

-1
material, 5

and,

an
uz—aE=F(Ke-K.) [77]

Eq. [77] is obtained by taking into account the fact that the

radial velocity component 1.11. is much smaller than the axial component

uz. For uz # 0, Eq. [77] may be considered an ordinary differential

equation.

F
dn - uz ( ne - n )dz - P ( ne - n )dt [78]

Integration gives, using the following boundary condition:

n(r,O)-no at z=0,

n - ne - (ne - no ) exp ( - F t ) [79]

For uz - 0, from Eq. [63]

u ——— = O = F ( n - n ) [80]
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meaning that n - ne

where ne is given by Eq. [58].

Placing Eq. [79] into Eq. [60] and simplifying gives,

a - 0° + n 7“ + < non 7m - n 1“ ) exp ( - r t >

For t - 0 Eq. [82] yields,

.m
0| - ao + no 0 7

o

and, from Eq. [75]

2

R A
- P _ - _

an I0 2 ( p P )

When t 4 w, Eq. [82] collapses to

.n

0 ' 00 + 0 7

Q

and from Eq. [74]

a] — PI —5— < p - ——— >
(D Q p

Substituting Eqs. [83] and [84] into Eq. [82] yields,

a - 0| + ( a l - a l ) exp ( - P t)

co 0 co

Incorporating Eqs. [74] and [75] into Eq. [85] gives,

[81]

[82]

[33]

[84]

[35]
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2

a - { Pl + ( P Io - P I ) exp ( - r t) } -%— ( p - —%— ) [86]

Comparison of Eq. [86] to Eq. [69] yields,

1
B, - —§— Plco [87]

and

A, - —%— ( Plo - PI ) exp (- r c) [88]

Q

Neglecting the dependence of the local pressure on the radial

coordinate, and approximating the shear stress by Eq. [39],

2

R A

0 - P ‘5‘ ( P - —;—')

Comparing Eq. [39] to Eq. [86] giveso

P - Pl + ( Pl - PI ) exp (- r c) [89]

CD 0 CD

Eq. [89] allows measurement of the inverse time constant, F, of a

thixotropic fluid in a back extrusion device. Knowing the equilibrium

values for pressure drop per unit of length, PI and PI at the initial

0 co

and final plunger velocity, respectively, and the values of the pres-

sure drop per unit of time, P, during the transient immediately after

the change in plunger velocity, the natural time function is readily

calculated.





CHAPTER 4

MATERIALS AND METHODS

4.1 Description of the Instruments

To test the thixotropic behavior of the samples in a back extru-

sion device, laboratory experiments were conducted using 250 ml graduate

cylinders as sample holders, and aluminum and plexiglas plunger rods.

An Instron Model 4202 Universal Testing Machine (Instron Corp., Canton,

Mass.) was used to operate the plunger. The plunger was attached to a

compression load cell (50 N) screwed to the cross- head of the Instron.

An x-y recorder was used to record force as a function of time (and

position).

Other instruments were also used to determine thixotropic

properties. A Haake RV-12 viscometer, interfaced to a Hewlett-Packard

85 computer and 3497 data acquisition system, with a M-500 head and the

MV cup (radius - 2.1 lO'Zm) and MVII sensor (radius = 1.84 10'2 m;

equivalent length - 57.66 10’2 m) was used to obtain a concentric

cylinder configuration. Another instrument used was a Rheometrics Fluid

Spectrometer (RFS) Model 8400 (Rheometrics Inc., Piscataway, NJ)

equipped with a 100 g-cm torque transducer. Steady and dynamic tests

were carried out on the RFS using a parallel plate configuration (0.025

m radius).

55





56

4.2 Methodology

4.2.1 Preparation of Samples

4.2.1.1 Preparation of Bentonite

The bentonite used in these experiments was a Wyoming bentonite

(American Colloid Company, Skokie, Il.). The moisture content of ben-

tonite powder was determined prior to preparing the suspension. A

suspension of 7% (weight/volume) was prepared. The required amount of

bentonite was added slowly to the water being stirred in a Hobart mixer;

it took 30 minutes to add all the bentonite into 10 liters of deionized

water. After the bentonite was added, the suspension was stirred for

an additional 30 minute period to get the solids totally dispersed.

Then, the bentonite suspension was packed into 250 ml graduate

cylinders. Approximately 130 ml of suspension were added to each

graduate cylinder. To check the final concentration, samples were oven

dried at 104°C until a constant weight was obtained. To allow the

suspension to stabilize, the material was allowed to set unused for ap-

proximately two months. During this time, experiments were performed to

check the presence of time-dependent behavior. The material used during

preliminary testing was discarded.
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4.2.1.2 Preparation of Iota-Carrageenan

The Iota-Carrageenan used in these experiments was GELCARIN GP

359 obtained from FMC Corporation (Philadelphia). The sample (1 %

weight/volume concentration) was prepared by heating deionized water to

90-9500 and while stirring it, iota-carrageenan was added slowly. Once

all the solid was added to the hot water, the solution was poured into

250 ml graduate cylinders. Approximately 130 ml of solution was added

to each graduate cylinder. The sample was allowed to set for two days

prior to performing the tests. Benzoic acid (0.1 %) was added to

preserve the sample.

4.2.2 Back Extrusion Testing

Two types of experiments were performed using the back extrusion

device. The first was to determine the equilibrium rheological

properties, that is, the rheological properties under steady state con-

ditions. The second type of experiment was done to determine the time-

dependent properties. To perform all experiments, a graduate cylinder

containing approximately 130 m1 of sample was aligned with the plunger

attached to the 50 N compression load cell of the Instron machine.
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4.2.2.1 Equilibrium Rheological Properties

After aligning the cylinder and the plunger, a plunger velocity

was selected from the control panel of the Instron. The plunger

penetrated into the sample approximately 8 cm from the original level of

the undisturbed sample, leaving 2 cm of undisturbed material. At that

point the plunger was stopped and the force decay over time recorded.

Several plunger velocities were used.

4.2.2.2 Time-Dependent Rheological Properties

In this case, the plunger velocity was changed at a certain point

during its travel into the sample. It was found that the time-dependent

effect is better observed when the test starts with a high plunger

velocity and, at a certain point during downward travel, the plunger

velocity is reduced. When the relationship between recorded force and

position at the high plunger velocity is a straight line, the equi-

librium has been reached, and it is possible to change the plunger

velocity to a lower value and record the force decay over time until the

relationship between recorded force and position at this lower plunger

velocity is a straight line.

4.2.3 Concentric Cylinder

Experiments were conducted using concentric cylinder configura-

tion to validate those results obtained with the back extrusion device.

Also this was done to verify the problems reported by some authors when
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thixotropic materials are used in concentric cylinders (Van Wazer et

a1., 1963; Hutton, 1963; Blake and Moran, 1975; Mewis, 1979; Cheng,

1984; Nguyen and Boger, 1985, 1987). It was necessary to use the MV cup

and MVII sensor configuration in the Haake viscometer because when the

MVI sensor was used, the sample rose in the small gap between the rotor

and the gap, and sample material came out of the gap.

A core of sample was withdrawn from a container and placed into

the Haake MV cup. In this way the structure was preserved until the

sensor was pushed into the sample. Due to the presence of a yield

stress, the instrument was first run without the sample in place, so the

sensor rotated in the air, this was taken as the zero reading for the

initial torque. The sensor was stopped and the cup containing the

sample was put in place. Step changes in shear rate were given to each

sample. Each sample was sheared to equilibrium before changing to

another shear rate.

4.2.4 Parallel Plate Testing

To avoid damage to the structure of the gels prior to the test, a

small cylindrical core of material was withdrawn from a container and

placed into the sample holder. The upper plate was lowered slowly to

make sure the gel is not destroyed while filling the gap with experimen-

tal material. The gap between the plates was between 1.5 and 2.5 mm for

all the experiments.
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4.2.4.1 Steady Tests

Once a sample was in place as described above, several tests were

done to different samples of the same batch. First, a thixotropic loop

was performed to qualitatively check for time dependency. Second, a

series of step changes in shear rate were done to different samples of

the same batch. All these experiments were done in triplicate.

4.2.4.2 Oscillatory Tests

With the sample filling the gap between the parallel plates, two

experiments were performed in oscillatory mode using the RFS. First, to

determine the viscoelastic linear range, a strain sweep was done at two

different frequencies. Second, after the linear range was determined, a

frequency sweep was done at a constant strain within the linear range.

4.3 Data Analysis Procedure

4.3.1 Back Extrusion Testing

4.3.1.1 Equilibrium Constants

4.3.1.1.1 Determination of the Flow Behavior Index

From the relationship between dimensionless flow rate and plunger

velocity given by Osorio-Lira (1985),
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1

Q _ _g_fl_ n .32 K2 [90]

P R R

where:

O - dimensionless flow rate;

n - consistency coefficient, Pa sn;

n - flow behavior index, dimensionless;

P - pressure drop per unit of length, Pa/m;

R - radius of outer cylinder of annulus, m;

v - velocity of the plunger, m/s;

K - ratio of radius of plunger to that of outer cylinder,

dimensionless; a/R.

If a Herschel Bulkley fluid is tested in a back extrusion device

at two different plunger velocities, and if the plunger and cylinder are

the same in both experiments, then the dimensionless radius K is con-

stant in both tests as is R. Then the above equation can be written as,

 
 

l l

@i a vpi [ Fcbj Li ]n [ Twi + K ]n [91]

Q. . F b. L. T + K
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By plotting ln(vpi /vpj) versus ln{Fcbi L.j /Fcbj Li} the flow

behavior index n is obtained as the inverse of the slope. Once the

flow behavior index is known, it is possible to obtain the equilibrium

yield stress and the consistency coefficient.

4.3.1.1.2 Shear Rate Determination. Newtonian Approximation

To facilitate calculations, a trial an error method is used to

determine the shear rate. First, a Newtonian approximation for shear

rate is used.

The Newtonian shear rate is given by the following expression,

, K - K

”IN-VPI: ca]

[93]

where:

o
O

-17N = Newtonian shear rate, 3

vp — plunger velocity, m/s

K - dimensionless plunger radius,

6 = dimensionless flow rate.

The dimensionless flow rate is given by Eq. [43],

<I>¢K2
p
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where,

and

4.3.1.1.3 Shear Stress Approximation

Fcb

The ex ression ————-————
p x L a R

- P ( Tw + K )

is obtained by applying a force balance on the plunger,

where,

Fcb - force corrected for buoyancy, N

L = length of annulus region, m

a = radius of the plunger, m

R = radius of outer cylinder of annulus, m

Tw = dimensionless shear stress at the plunger wall,

K - dimensionless plunger radius.

[94]

[95]

[96]

The value of ( Tw + K ) is very close to 1. Therefore it is pos-

sible to approximate the expression Feb/(u L a R) to the value of P with

a maximum of 3% error. Using this above approximation, Tw may be ob-

tained as,
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Tw-l-K [97]

The dimensionless shear stress at the plunger wall is obtained

from Equ[36]:

2 aw

1"" PR
[98]

where,

aw is the actual shear stress at the wall, Pa

Hence, the shear stress at the wall may be obtained from the ex-

pression,

a - —— [99]

4.3.1.1.4 Equilibrium Yield Stress and Consistency Coefficient

Determination

In a back extrusion test, there is a decay in measured force over

time when the plunger is stapped inside a time-dependent sample. It is

difficult to obtain the equilibrium yield stress from the plot of force

versus time because the plot shows a decrease in force with time and

after waiting some time, the residual force starts to increase again.

This is due to the fact that the destruction rate and build-up rate are

not equal. To obtain the equilibrium yield stress, it is necessary to
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generate data of shear stress and shear rate, and the equilibrium yield

stress is obtained by curve fitting.

With the approximated values for shear rate and shear stress cal-

culated with Eq. [93] and Eq. [99] respectively; and the flow behavior

index calculated with Eq. [92], the equilibrium yield stress and the

consistency coefficient are determined by curve fitting.

4.3.1.1.5 Consistency Coefficient Determination Using Back Extrusion

With the flow behavior index obtained with Eq. [92] and the equi—

librium yield stress obtained by curve fitting as described above, the

consistency coefficient is obtained using back extrusion (Osorio-Lira,

1985). Notice, when using back extrusion the value for pressure drop

per unit of length is calculated in each iteration, so there is no need

for using the approximation in 4.3.1.1.3.

When the consistency coefficient is obtained, the pressure drop

per unit of length (P) at each plunger velocity is obtained, also the

dimensionless shear stress at the wall (Tw) is obtained. Therefore, it

is now possible to obtain the shear stress at the plunger wall using,

aw - Tw R 9/2 [100]

and the shear rate at the plunger wall is obtained by using Eq. [47].
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With the values of flow behavior index, consistency coefficient,

and values of shear stress and shear rate, it is possible to determine

the equilibrium yield stress.

4.3.1.2 Time-Dependent Constants

The inverse time constant F, of a thixotropic fluid in a back

extrusion device, is obtained by performing a test at a given plunger

velocity and at a certain point after equilibrium conditions have been

attained, the plunger velocity is changed to a lower value. The tran-

sient pressure drop per unit of length, P, is determined as a function

of the time. F is evaluated with Eq. [89].

A flow diagram of the calculation steps involved in the deter-

mination of time-dependent rheological properties using back extrusion

technique is shown in Fig. 7.
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Figure 7. Flow diagram for the analysis of back

extrusion data
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Input Data:

 

a, R Radii of plunger and outer cylinder

lch' sp’ FT, FTe Values from chart-strip recorder

vP1 Plunger velocity when the test starts

vp2 Final velocity of the plunger

1 Fcb Calculate ___ESP__ from the ' t d t
‘1rLaR 1rLaR mp“ 3a

for a given plunger velocity

2. n 'Calculate n from Eq. [92]

3. 7N Calculate 7N from Eq. [93]

4. aw Calculate aw from Eq. [99]

5. co Calculate do from a nonlinear regression

of 7N and aw calculated in steps 3. and

4. respectively. Use the Herschel

Bulkley model

6. P Assume a value for the dimensionless

yield stress To and calculate P from Eq.

[37]

7. Q, A+ Calculate Q and A+ from Eqs. [40], [41]

and [43]

8. Tw Calculate Tw from Eq. [44]

9. n Calculate n from Eq. [48.a]

10. P(TW+K) Calculate this expression

11. Assume a new value for To and return to step 6. to obtain at

least three values of P(Tw+K) and n

Fcb
12. Draw the line corresponding to the value of —;—E—E—E computed

in step

13. vp Use a new plunger velocity and repeat

steps 1. to 12. for this new value of VP





Figure 7 (cont'd.).
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14. The equilibrium rheological properties of the fluid are found

when the consistency coefficient, a, is the same in the curves

corresponding to different plunger velocities

15. -%£ Calculate -%é from Eq. [46]

p p-K p 9-K

l6. 7HB Calculate 7HB from Eq. [47]

17. Tw Calculate Tw from Eq. [44]

18. aw Calculate aw from Eq. [36]

19. do; Calculate ooc from a nonlinear regression

for the Herschel Bulkley model, with the

values of 7 and 0 obtained in steps

16. and 18., respecfively

20. do? 0oC Compare ao calculated in step 5. to 0oC

calculated in step 19. If they are

different, replace aoby do and repeat

all calculations from steps 6. to 20.

Time-Dependent Parameters

Fcb Fcb
21. Calculate from the transient

n a R w a R

data, corresponding to a given time

22. L Calculate L for each value of the

Fcb
expre551on —;—E—E— calculated in step 21.

Fcb Fcb
23. -—-————- Calculate ———-—-—— for the transient data

x L a R x L a R

24. t Calculate the time elapsed, t, since the

plunger changed velocity, for each value

Fcb
of the expression —————— calculated in

n a R

step 21.

25. Fb Calculate Fb corresponding to the

transient and the equilibrium curve of

the final plunger velocity vp2





26.

27.

28.

29.

30.

31.

Figure 7 (cont’d.).

cb

« L a R
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Obtain the linear regression between the

total equilibrium force F corresponding

to the final plunger velogity

vpz and the position L of the plunger

inside the fluid

F

Obtain _;_L2%—R for the final plunger

velocity corresponding to each position

of the plunger considered in step 22.

Calculate P from Eq. [89]

Calculate m and 0y from Eq. [57] using

nonlinear regression. The values of a

are those corresponding to the value of

the shear stress immediately after the

plunger velocity is changed from vpl to

v
p2 .

Calculate n from Eq. [58]

Calculate A, s from Eq. [55]
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4.3.2 Concentric Cylinder Testing

Tests were performed using concentric cylinders geometry. The

Haake MV cup and MVI and MVII sensors were used to evaluate equilibrium

and time-dependent constants.

4.3.2.1 Equilibrium Constants

4.3.2.1.1 Shear Rate Determination

The shear rate was evaluated using the method developed by

Krieger (1968). Krieger showed that the shear rate at the wall of the

sensor for any fluid is,

 Rh. 259 [14.7%] [1+szs'f[-:—ln{—i—}]J [101]

 

 

where:

a - -EE [102]

R

c

d(1n ab)

8 a
[103]

d(1n O )

d(1n ab)
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t[et(t-2)+t+2]
 

f<c>- t 2 [1051
2 ( e — l )

0 - angular velocity, rad/s

M

ab -—— [106]

2 n h sz

ab - shear stress at the bob, Pa

Rb = radius of the sensor, m

R a radius of the outer cylinder, m

M - external torque, N m

h - level of the fluid in contact with the sensor, m
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4.3.2.1.2 Rheological Parameters Determination

After obtaining values of shear rate with the method developed by

Krieger (1968), a rheogram is plotted with the equilibrium shear stress

as a function of shear rate. Nonlinear regression was applied to deter-

mine the rheological parameters of the Herschel Bulkley model.

4.3.2.2 Time-Dependent Constants

The method used to determine the time-dependent constants from

concentric cylinder viscometer data was developed by Kemblowski and

Petera (l979,l980,198l). An outline is presented below.

- From the equilibrium conditions, the equilibrium yield stress

is found, corresponding to do. Also the consistency coefficient n and

the flow behavior index n are obtained from this equilibrium conditions.

- A step shear rate test is performed where the sample is sheared

to equilibrium at a constant shear rate before a step change to another

shear rate is done (refer to Fig. 6). The value of shear stress im-

mediately after the step change in shear rate is recorded. The sample

is brought to the initial shear rate, and left to reach equilibrium

again. After equilibrium is reached, a step change to another shear

rate is made, and the value of the shear stress immediately after this

change is recorded. At this point there are three values of shear rate
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with three corresponding values of shear stress. These points define a

curve whose characteristic is to have a constant value of the structural

parameter n. By fitting a curve through these points, the exponent

defined by Eq. [57] is determined as it is the value for the yield

stress 0y, defined by Eq. [55], corresponding to that structural

parameter.

- Starting from other initial equilibrium values for the shear

rate, different values for the structural parameter are obtained. In

this way, for each structural parameter there is a corresponding value

for yield stress.

- With the values of the structural parameter and its correspond-

ing yield stress, the parameters A and 5, defined in Eq. [55], are

calculated.

- Finally, using the values of shear stress during the transient

to reach equilibrium after a shear rate change, the natural time con-

stant defined in Eq. [68] is obtained.
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4.3.3 Parallel Plate Testing

4.3.3.1 Steady Tests

4.3.3.1.1 Shear Rate Determination

The shear rate at the rim of the plate for a parallel plate

geometry (torsional flow) is given by,

 

where:

- shear rate at the rim of the plate, 8"1

- angular velocity, rad/s

Radius of the plate, m

D
"

5
U
9
4
-

I

gap width between the plates, m

4.3.3.1.2 Shear Stress Determination

The shear stress at the rim of the plate for a parallel plate

geometry (torsional flow) is given by,

3 M l d { ln M }

0,, =—-—? 1+ [108]

2 x R 3 d I In 7 I
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where:

0R - shear stress at the rim of the plate, Pa

M - torque, N

radius of the plate, m

7 - shear rate at the rim of the plate, 5.

4.3.3.1.3 Rheological Parameters Determination

A rheogram is plotted with the equilibrium shear stress, deter-

mined with Eq [108], as a function of shear rate, determined with Eq.

[107]. Nonlinear regression was applied to determine the rheological

parameters of the Herschel Bulkley model.

4.3.3.2 Time-Dependent Constants

The method used to determine the natural time constant of a

thixotropic fluid in a parallel plates geometry is the same as that

described when using concentric cylinders, section 4.3.2.2.

4.3.3.3 Dynamic Tests

Dynamic tests were performed to characterize the sample fluid,

and to help understand the behavior of bentonite when creeps out of the

concentric cylinder gap.
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When performing dynamic tests, the stress and/or strain vary har-

monically with time. The following expression gives the relationship

between shear stress and the strain and the rate of strain,

 a - on, + a [1091

where:

a - shear rate, Pa

6' =«storage modulus or dynamic rigidity, Pa

G" - loss modulus, Pa

w - frequency, rad/s

7 = strain, dimensionless

7 - rate of strain, 5'1

When an oscillatory test is performed on a Hookean solid, the

stress and stress are in phase, therefore G" is equal to zero, meaning

that there is no lost of energy. If an oscillatory test is done on a

Newtonian fluid, stress and strain are 90° out of phase and G' is equal

to zero, indicating that there is no storage of energy.

For viscoelastic materials, G' and G"are non-zero.

A dynamic viscosity is defined in oscillatory test as,

U = ___
[110]

where:
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' . . . -l

n - dynamic VisCOSity, Pa 5

G" - loss modulus, Pa

w - frequency, rad/s

4.4 Selection of Experimental Fluids

4.4.1 Bentonite

Bentonite suspension was chosen as a thixotropic fluid model for

the following reasons:

i- Researchers have used bentonite-water suspensions to

simulate a variety of heat transfer applications, primarily because of

its low cost and chemical stability relatively to food (Unklesbay,

1982). Jackson and Olson (1953) used a l, 3.25 and 5% bentonite suspen-

sion in water to simulate canned food. Yamano et a1. (1975) found in a

retort study that the thermal diffusivity of a 40% bentonite suspension

was similar to published values for fish and meat; these researchers

recommended use of these suspensions because of their stable

physiochemical properties and because they accommodate a wide range of

water contents. Peterson and Adams (1983) performed research on retort

pouches containing a 10% bentonite suspension. Darsch et al. (1979) used

a 5% bentonite, 47.5% glycerin and 47.5% water suspension to simulate

solid foods; and a 1% bentonite, 49.5% glycerin and 49.5% water suspen-

sion to simulate soup and beverages when testing a food service tray

system. Similar heat retention characteristics among the suspensions

and many foods were noted. In these studies, suspensions were used to
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avoid compositional variations inherent in foods. When Unklesbay et a1.

(1980) used bentonite-water suspensions to simulate steaks during in-

frared heat processing, no significant differences in energy usage were

found between the bentonite models and steaks; these researchers also

modeled sausage patties and found no significant differences between

sausage patties and the bentonite model. Niekamp et a1. (1983) modeled

a heterogeneous food with a bentonite-water suspension, and found no

significant differences in energy consumption with meat products during

convective heat treatment. Niekamp et a1. (1984) used bentonite- water

suspensions to determine thermal properties of bentonite suspensions as

a way of facilitating mathematical modeling of foods.

ii) By changing the solids concentration, different types

of rheological properties can be obtained. As the concentration in-

creases from zero, the suspension shows increasing departure from

Newtonian behavior and also exhibits thixotropic properties. At higher

concentration a yield stress makes its appearance (Cheng, 1965). No

references were found with respect to the effect of temperature on the

rheological properties of bentonite suspensions.

Most of the material that follows was obtained from the book by

Grim and Gfiven (1978). The name bentonite was suggested in 1898 for a

peculiar clay-like material with soapy properties from its occurrence in

the Fort Benton unit of Cretaceous age formations in Wyoming (U.S.A.)

(Grim and Gfiven, 1978). Bentonite is a rock composed essentially of a

crystalline clay- like mineral formed by the devitrification and the

accompanying chemical alteration of a glassy igneous material, usually
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a tuff or volcanic ash. The unique physical properties of the Wyoming

clay quickly gave it high commercial value.

A distinctive feature of the sodium Wyoming bentonite is that it

disperses in water into relatively large and extremely thin flakes. As

a consequence of this feature, the bentonite has important colloidal,

plastic, and bonding properties. The morphological features, modes of

aggregation, and crystal structure of bentonite are related to the

rheological behavior and other properties of these clays. Various ap-

plications of this material in industry, technology, and science are

directly related to the above characteristics.

Members of the montmorillonite-beidellite (Montmorillonite is the

name of a clay mineral first found near Montmorillon in France in 1874)

series form the smectites commonly occurring in bentonites. The

properties of bentonites are contingent upon the fact that they are com-

posed of smectite clay minerals, and the properties of the smectite in

turn are contingent upon its chemical composition, atomic structure, and

morphology. Smectite is composed of silica and alumina sheet-like units

arranged in such a way that smectites are essentially books of sheets or

laths, or bundles of needles. The individual skeets or laths or needles

are loosely tied together-in fact water can enter between the sheets,

laths or needles separating them. As a consequence, smectite clays are

readily dispersed in water into extremely small particles.

Bentonite particles are flat, plate-like particles, approximately

7000 A x 7000 A x 20 A (Mercer, 1973). Montmorillonite is composed of
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units made of two silica tetrahedral sheets with a central alumina oc-

tahedral sheet. All the tips of the tetrahedrons point in the same

direction and toward the center of the unit. The tetrahedral and oc-

tahedral sheets are combined so that the tips of the tetrahedrons of

each silica sheet and one of the hydroxyl layers of the tetrahedral and

octahedral layer became oxygens instead of hydroxyls. The layers are

continuous in the x and y directions and are stacked one above the other

in the z direction (Grim, 1962).

In the stacking of the silica-alumina-silica units, oxygen layers

of each unit are adjacent to oxygens of the neighboring units with a

consequence that there is very weak bond and an excellent cleavage be-

tween them. The outstanding feature of the montmorillonite structure is

that water and other polar molecules, such as certain organic molecules,

can enter between the units layers causing the lattice to expand in the

z direction. The z direction is not fixed but varies from 9.6 A when no

polar molecules are between the unit layers, to substantially complete

separation in some cases. Fig. [8] is a diagrammatic sketch of the

structure of montmorillonite.

Exchangeable cations occur between the silicate layers, and the z

axis spacing of completely dehydrated montmorillonite depends somewhat

on the size of the interlayer cations, being greater the larger the cat-

ion. The thickness of the water layers between the silicate units also

depends on the nature of the exchangeable cations at a given water

vapor pressure. Under ordinary conditions, a montmorillonite with

sodium as the exchangeable ion frequently has one molecular water layer
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and a z axis spacing of about 12.5 A. The expansion properties are re-

versible unless the structure is completely collapsed by the removal of

all the interlayer polar molecules, in which case it may be difficult or

impossible to expand the structure. The theoretical formula for the

montmorillonite is (OHoSioAloozo n (interlayer) H20}, and the theoreti-

cal composition without the interlayer material is,

$102 - 66.6 %,

A1203 - 28.3 %, and

H20 - 5 %

Montmorillonite always differs from the above theoretical formula

because of substitutions within the lattice of aluminum and possibly

phosphores for silicon in tetrahedral coordination and/or magnesium,

iron, zinc, nickel, lithium, etc., for aluminum in the octahedral sheet

(Grim, 1962). An atom of lower valence often replaces one of higher

valence, resulting in an excess of negative charge, which is compensated

by absorption of cations on the layer surfaces which are too large to be

accommodated in the interior of the lattice. In the presence of water,

these cations have a tendency to diffuse away from the layer surface.

The result of this diffusion is the formation of an atmospheric dis-

tribution of the cations in the diffuse electric double layer on the

exterior flat surfaces of the clay particle (Mercer, 1973).
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O

O Oxygens @Hydroxyu QAluminum, iron. magnesium

O and 0 Silicon, occasionally aluminum

Figure 8. Diagrammatic sketch of the structure of

montmorillonite. (From Grim, 1962)
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Detailed mineralogical studies have been carried out on bentonite

samples from Wyoming (Grim and Guven, 1978). The X-ray diffraction data

indicate that the Wyoming samples contain a predominantly Na-

montmorillonite as its main interlayer cation (Grim and Gfiven, 1978).

Because of the impurities even in 1 pm fraction, a structural formula

was calculated only for one sample from eight samples for Wyoming type

bentonite (Grim and Guven, 1978):

. 3+ +

(Sla-aGAlo-14)(A11~53Feo-11Mgo-24) 010(0H)2 M 0.33

Ross (1970) gives the following chemical composition for Volclay Wyoming

bentonite (American Colloid Company, Skokie, Illinois):

Si02 - 64.00 %,

A1203 - 20.00 %,

Fe203 - 3.03 %,

and 10% of Feldspar, Gypsum, Talc, Carbonate, Quartz, and other im-

purities. Mercer (1973) gives the following chemical composition for

Wyoming bentonite: Si02 = 49.4 %, A1203 = 20.4 %, Ti02 = 0.4 %, Fe203 =

3.7 %, MgO = 2.55%, CaO = 1.8 %, NaZO = 0.34%, K20 - 1.12%,1120 = 20.15%

Because of the electrostatic charge associated with the bentonite

particles, and also because of the Van der Waals attractive force be-

tween particles, they tend to associate and become stuck together. It

is generally recognized that an undisturbed bentonite suspension con-

sists of a loose cluster of aggregates formed by the bentonite

particles, in which the dispersible phase is trapped and immobilized.

Upon the application of shear, the aggregate structure is partially
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broken down. The degree and characteristics of this structural change

governs the rheological behavior of bentonite suspensions. It is found

that as the shear rate increases, the aggregate structure of the suspen-

sion is further destroyed and more of the dispersible phase is released

and so the apparent viscosity decreases. At very high shear rates, the

structure is totally destroyed so that all the particles present will

be singlets. When the shear rate is held constant there exits an equi-

librium aggregate size distribution.

The flat surfaces of bentonite particles carry a net negative

charge. In addition to the flat layer surfaces, there are also edge

surfaces exposed on the particles. These edge surfaces are very likely

to carry a positive charge.

There are three different modes of particle association: face to

face (FF), edge to edge (EE), and edge to face (EF). Each type of as-

sociation is governed by a different electrical interaction energy for

the combination of the two double layers. Also the Van der Waals inter-

action energy and therefore the total potential curve, will be different

for each type of association. In addition, the rate at which particles

approach each other are different for each type of association, so the

three types of association may not occur simultaneously or to the same

degree.

The physical results of the three types of association will also

be different. FF association merely leads to thicker flakes, whereas EE

and EF association will lead to large house-of—cards type of structure
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in which the dispersible phase is immobilized. The rheology of the

suspension is very sensitive to the type of association which takes

place. The apparent viscosity of the suspension will increase when EE

and EF takes place but will decrease if FF association takes place.

Further, if FF association takes place simultaneously with EF and EE

association for a given suspension, the yield stress will decrease.

Fig. 9 shows the rate of water adsorption for sodium montmoril-

lonite, which begins slowly and then after 10 min increases very

rapidly.
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Figure 9. Water-sorption curves for attapulgite (A), calcium

montmorillonite (B), and sodium montmotillonite (C).

(From Grim, 1962)
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4.4.2 Iota-Carrageenan

The use of gelling agents in foods is a "technological need"

(Pederson, 1980). Macromolecular hydrocolloids or gums are used in the

food industry as texture modifying agents. Carrageenan are capable of

forming viscous solutions at low concentrations in cold water, with the

apparent viscosity dependent on temperature, pH, concentration, type of

carrageenan molecules and solutes present.

Above the gel melting point, Iota-Carrageenan has shear thinning

flow characteristics. At low concentrations below the gelation tempera-

ture Iota-Carrageenan gels have thixotropic properties.

The primary function of a gel in foods is to bind/solidify the

free water in the food. Only a few polysaccharides (for example, agar,

alginates, guar gum, locust bean gum, gum arabic, methylcellulose,

sodium carboxymethylcellulose, microcrystalline cellulose, carrageenan

and starches) and a few proteins (for example, gelatin, soya and whey)

are used to form food gels.
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080.3

D-galactose-4-sulphate

3,6-anhydro-D-

galactose-z-sulphate

Figure 10. Iota - Carrageenan Structure.
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Carrageenan is not a well defined substance, but rather a desig-

nation for a group of salts of sulphated galactans. Five families of

red seaweeds are listed as carrageenan raw materials. Various types or

fractions of carrageenan are defined according to idealized structures

and designated by greek letters ( lambda, kappa, iota, etc). By selec-

tion of seaweeds it is possible to obtain carrageenan which are

predominantly, for example, the iota type.

Carrageenan is a high molecular weight linear polysaccharide made

up of repeating galactose units, and 3,6 anhydrogalactos (3,6-A-G), both

sulphated and nonsulphated, joined by alternating a 1-3, 5 1-4

glycosidic linkages (see Fig. 10). Iota-carrageenan is 32 % ester sul-

phate and 30 % 3,6-A-G. Table 2 gives the physical properties of iota-

carrageenan.

The largest single use of carrageenan in foods is probably as a

gelling agent in gelled milk desserts: puddings, flans, ice cream,

yoghurts. Others uses are in meat gels, fish gels, whipped toppings,

pizza sauces,etc. Iota-carrageenan forms a thixotropic gel, recovery

after pumping gives sufficient support for a topping to be placed on

products after filling.

The internal structure that causes the thixotropic behavior of

Iota-carrageenan can be explained in terms of hydrogen bonding forces

existing between molecules. The nonionic mechanism that explains

thixotrOpy for Iota-carrageenan is quite different than the electrical

double layer theory for bentonite.
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TABLE 2 . Properties of Iota-Carrageenan.

Solubility

Solvent Temperature Presence Comments

(0C) of Salts

water 20 Naiz soluble

water 20 Ca swells to form

thixotropic

dispersion

water 80 soluble

milk 20 insoluble

milk 80 soluble

10% salt 90 soluble

solution

50% sugar insoluble

solution

w

2

strongest gel with Ca+ ion

gel texture elastic

regelation after shear YES

syneresis NO

freeze/thaw stability YES

 



 



CHAPTER 5

RESULTS AND DISCUSSION

5.1 Bentonite

The bentonite used during the tests had a concentration of 7%

(weight/volume) with a standard deviation of 0.12. The density of the

sample was 1035.0 kg/m3 with a standard deviation of 13.2 kg/m3 (sample

size - 9).

5.1.1 Equilibrium Rheological Properties

5.1.1.1 Back Extrusion Tests

5.1.1.1.1 Yield Stress

The final equilibrium force recorded after the plunger is stopped

inside the sample is used to calculate the yield stress value in back

extrusion experiments.
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Figures 11 to 13 show typical curves obtained during a back ex-

trusion test. When the plunger reaches position A, the plunger velocity

is changed, and this velocity is kept until the plunger reaches position

B. At position B the plunger is stopped while the residual force is

continuously recorded. After the plunger is stopped, the force decays

until it reaches a minimum, and afterwards, increases its value until a

plateau (equilibrium) is reached. This type of behavior could be ex-

plained in terms of structural kinetics. When the suspension is being

sheared by the plunger movement in the sample, the weak physical bonds

forming the internal structure are ruptured, so that the network breaks

down. After the plunger is stopped, the process mentioned above con-

tinues, but the weak physical bonds between the particles begin to

reform, and the particle aggregates start forming a spatial network and

the suspension rebuilds an internal structure. When the rate of

rebuilding the internal structure overcomes the destruction rate in-

itiated by the movement of the plunger, the recorded force reaches a

minimum, and thereafter the rate of rebuilding dominates until the final

internal equilibrium structure is reached and the recorded force is con-

stant indicating equilibrium state.

Therefore, when measuring the yield stress of thixotropic

materials when using the back extrusion technique, it is important to

follow the changes in the recorded force over time, to make sure that

the final internal equilibrium structure has been reached, and use that

value, corresponding to the plateau, to calculate the yield stress cor-

responding to undisturbed conditions.
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Figure 11. Back extrusion data for plunger velocities of 30mm/min,

0.5 mm/min and 0.0 mm/min. 7% bentonite.
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Figure 12. Back extrusion data for plunger velocities of 30mm/min,

1.0 mm/min and 0.0 mm/min. 7% bentonite.
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When measuring the yield stress of the final internal equilibrium

structure of a 7% bentonite suspension, a value of 184.6 Pa was ob-

tained, with a standard deviation (32 tests) of 25.6 Pa. This value

should be considered as the value corresponding to undisturbed condi-

tions, although it is not necessarily the value of the undisturbed

sample prior to the penetration of the plunger. It would be the same if

the process were totally reversible.

For a thixotropic material under flow conditions, at each shear

rate there is a corresponding equilibrium shear stress. If the shear

rate decreases to zero, an equilibrium shear stress, known as yield

stress, is obtained. This yield stress is calculated, in practice, by

extrapolating the rheogram curve to a zero shear rate value. When plot-

ting the values of shear stress versus shear rate and extrapolating to

zero shear rate, a value of 30.1 Pa is obtained for the yield stress

calculated in this way. This value is six times higher than the value

obtained for undistubed conditions (184.6 Pa); this means that if the

sample is allowed to rest in a pipe, the pump will need more energy to

re-start the flow of this material than the energy needed under steady

conditions.

5.1.1.1.2 Flow Behavior Index

Eq. [92] is used to obtain the flow behavior index. Fig. 14

shows the experimental values obtained for the expression Feb/(«LaR)

versus plunger velocity. By using nonlinear regression, the value for

the flow behavior index was found to be 0.295, and the mean square error
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was 1.8 107for 50 tests, using the least square method.

5.1.1.1.3 Consistency Coefficient

Figures 15 and 16 illustrate the procedure described in section

4.3.1.1 that was followed when using back extrusion technique to deter-

mine the consistency coefficient. The value for this parameter was 22.5

Pa sn, with a standard deviation of 0.5 Pa sn

5.1.1.2 Concentric Cylinders

Table 3 shows the rheological properties of 7% bentonite obtained

by using concentric cylinders, both smooth and serrated. When using

smooth and serrated cylinders with a very narrow gap (MVl bob and MV

cup), the sample creeps out of the cup. This could be due to the effect

of an auger that the serrated bob creates for a material of very high

apparent viscosity. Also, it could be due to a viscoelastic behavior of

the bentonite, and a small Weissenberg effect could be present in the

sample. Therefore, for each shear rate it was necessary to change the

sample. The measurements for smooth cylinders were carried out using a

larger gap (MVII bob); this helped keep the sample from creeping out of

the cup. The Krieger method was used to find the shear rate values.

Nonlinear estimation of the parameters was used with the Quasi-Newton

method.
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Table 3. Rheological Properties of 7% bentonite obtained with

concentric cylinders geometry, using both smooth and

serrated sensors.

 

Concentric Yield Consistency Mean

Cylinder Stress Coefficient Square

Type (Pa) (Pa 5 ) Error

Smooth 30.0 36.0 685.

(MVII/Mchp)

Serrated 30.0 52.1 130.4

(MVI/Mchp)
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The sample is highly disturbed when transferred from the sample

container into the cup. Although a lot of care is taken when transfer-

ring the sample, disruption is inevitable when the bob is inserted in

place. The bob is forced down into the sample contained in the cup, and

in this way the internal network that provides structure is disrupted.

Therefore, the structure is severely damaged before doing any

experiment. If the sample exhibits thixotropy, or it has a long

recovery time constant, it will be very difficult to get any measurement

of thixotropic behavior.

Figure 17 shows the rheogram obtained for a 7% bentonite suspen-

sion when using smooth concentric cylinders. Also shown is the fitted

curve. Figure 18 shows the rheogram obtained for the same material when

using serrated bob sensor.
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Rheogram of 7% bentonite suspension when using

smooth concentric cylinders.
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5.1.1.3 Parallel Plate Tests

5.1.1.3.1 Steady Tests

Steady tests using the parallel plate geometry (1.5 mm to 2.5 mm

gaps) of the Rheometrics Fluid Spectrometer were conducted. To check

for thixotropy, two thixotropic loops at 26.40C were performed on the

samples. A loop consisted of an increasing shear rate from zero to five

3. in five minutes followed by an immediate decrease in shear rate from

five to zero 5‘1 in five minutes. Fig. 19 shows the thixotropic loop.

A problem arose when performing this type of loop. After the first loop

was completed, it was observed that the sample was creeping out of the

gap between the parallel plates. A new sample was placed between the

plates and a shear rate sweep from zero to two 5'1 was done on the

sample. Fig. 20 shows the shear rate sweep.

By comparing Figs. 19 and 20 it can be seen that the values of

shear stress for the shear rate sweep are lower than the values of shear

stress of the first branch of the first loop of the thixotropic loop,

but they are higher than the values of the second branch of the

thixotropic loop. This means that when doing the shear rate sweep, the

sample does not have time to reach its equilibrium shear stress at a

given shear rate.
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Another type of test was tried when using parallel plates. The

idea was to set a given shear rate and obtain the equilibrium shear

stress, and then either increase or decrease the shear rate and obtain

the new equilibrium shear stress. In this way, the previous history of

the thixotropic material should not influence the equilibrium shear

stress. Figure 21 shows some results obtained from this type of experi-

ment. It was observed that the sample creeps out of the gap, meaning

this data could not be analyzed for thixotropy.

To avoid possible problems due to slip at the plates walls, ser-

rated parallel plates were also used, but the results were similar to

those observed with smooth parallel plates. The sample also creeps out

of the gap.
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5.1.1.3.2 Dynamic Tests

Dynamic tests were performed with bentonite samples to verify the

presence of viscoelastic properties.

To check the linear viscoelastic range, a strain sweep from 0.2

to 40% at a frequency of 3.0 rad/s was performed at 25°C using the

Rheometrics Fluid Spectrometer. Results (Figure 22) show the storage

modulus (G') had a constant value up to 2% strain and then decreased

continuously. The loss modulus (G") increased slowly up to 1% strain,

then increased considerably up to a maximum value when the strain was

15%, and after that it decreased. The loss modulus and storage modulus

curves intersected when the strain was 20%. Therefore, when the strain

is below 20%, the elastic behavior is dominant, but when the strain is

above 20% the viscous behavior is dominant.

Strain sweeps at higher frequencies show the same behavior. The

only difference is that the maximum value for G" occurs at a lower

strain. For a frequency of 20 rad/s the maximum 6" occurs at 10% and

the G' and G" curves intersect at 15% strain (Figure 23). A frequency

sweep is shown in Figure 24.
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Figures 25 and 26 show the variation , at 25°C, of the dynamic

viscosity (n') and the complex viscosity (n*) versus frequency at a 1%

strain. As the frequency increases the decrease in value is higher for

the dynamic viscosity than for the complex viscosity.

Figure 27 shows the apparent viscosity (n) obtained from Figure

20. When comparing the values of apparent viscosity versus shear rate

with the values of dynamic viscosity versus frequency, the values of n

and n' are very close, especially for values of shear rate below 0.3

3-1, and for shear rate values above 1.0 5-1 the values of n are higher

than those of n'.
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5.1.3 Comparison of Test Methods to Determine Equilibrium

Rheological Properties

When comparing the values of the rheological parameters obtained

using back extrusion and other techniques, the following can be said:

-The back extrusion technique allows to follow the development of

yield stress over time after a sample is disturbed and then allowed it

to rest.

-The parameters of the Herschel Bulkley model are usually corre-

lated. When the flow behavior index was determined using the back

extrusion technique, the consistency coefficient and yield stress values

where found by the method described in section 4.3.

-The values of consistency coefficient obtained with concentric

cylinder data were higher than those obtained with back extrusion

data, especially the value obtained with serrated bob sensor.

-The value of the flow behavior index was the same for the smooth

bob sensor and back extrusion testing. The value of the flow behavior

index obtained with the serrated bob sensor was smaller than that ob-

tained with back extrusion. One explanation for this differences in

values obtained with different geometries is the type of flow involved,

and therefore the boundary conditions are different in each case. The
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type of disturbance applied on the fluid is also different. In con-

centric cylinders there is a centrifugal force acting on an element of

fluid, and the fluid is moving in circles as the centrifugal force is

pulling the element of fluid. There is no pressure driven flow in con-

centric cylinders geometry. In back extrusion, on the other hand, the

fluid is moving upwards while the gravity is pulling an element of fluid

down. This is a pressure driven flow.

-In a concentric cylinder viscometer, when the sensor is stopped,

there is no more force acting on an element of fluid, there is no

spring-like behavior in the fluid. In a back extrusion device, after

the plunger is stopped, the fluid is still disturbed by the plunger.

5.1.3. Time-Dependent Properties

5.1.3.1 Back Extrusion

Following the modified technique developed by Kemblowsky and

Petera (1980, 1981), the dependence of the yield stress on the struc-

tural parameter n was studied. To do this, the first value of shear

stress obtained inmediately after the plunger velocity was changed

during the test, was used to determine the exponent m defined by Eq.

[58]. The values of the initial shear stress calculated after different

initial and final shear rates are shown in Table 4. From the data

(Table 4) the value for the exponent m was 0.111. This value of m equal
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Table 4. Values of shear stress immediately after a change of

shear rate when performing back extrusion testing of a 7%

bentonite suspension.

Initiallshear Rate Final Shoat Rate Shear Stress

(s ) (s ) (Pa)
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to 0.111 means that when the plunger velocity is decreased, the value

for the shear stress immediately after the velocity has been decreased

will be higher than the corresponding equilibrium value. Under this

condition, the structure of the bentonite will continue to be destroyed

at this lower plunger velocity until the build-up rate equals the

destruction rate. Also, the extrapolated values of yield stress ob-

tained from the curves of equal value of structural parameter are shown

in Table 5. By using the values shown in Table 5 in Eq. [55], the

Equation governing the yield stress variation of 7% bentonite is given

by,
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Table 5. Yield stress values corresponding to a given

structural parameter for a 7% bentonite suspension

when using the back extrusion technique.

 

Structural Yield Stress Shear Rate

Parameter, n 0y 7

(dimensionless) (Pal, (s'l)

1.242 23.0 3.19

1.404 20.0 6.13

1.512 15.0 9.12
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3.62
0y - 30.1 ( l - exp ( -l.197 n- ))

Eq. [89] was used to determine the inverse time constant P. Figure

28 shows the values obtained for 7% bentonite suspension when the

plunger velocity is decreased during a test. To try to generalize the

results, the time constant is plotted against the ratio of the initial

to the final shear rate. From the plot it can be seen that there is a

maximum value for the time constant at a given shear rate ratio. The

maximum value of F is higher when the initial plunger velocity is

higher.

From Figure 28 it can also be seen that, to observe time dependency

for this sample of bentonite 7% using the back extrusion technique, it

is necessary to use the range of shear rate ratios covered in this

study. For higher initial shear rates, the values for F would be much

higher than 0.1 3-1, and therefore the velocity of destruction of the

network would be too fast to detect with this technique. This type of

plot is very important because it gives the region where the relation-

ships between initial and final shear rate that should be used when

working with back extrusion technique to determine time dependency or

thixotropy.

The reason for this behavior can be explained taking into account

the structure of bentonite. When the ratio of the initial shear rate to

the final shear rate is too big (i.e. the final shear rate is very small
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when compared to the initial shear rate) the water trapped and immobi-

lized in the house-of-cards type of structure formed by the edge to edge

(EE) and edge to face (EF) particle association is released; so, there

is no appreciable time-dependent effects at the lower shear rate. As

the relative value of the shear rate ratio decreases, the inverse time

function constant F increases, meaning that the BE and EF type of struc-

tures are not totally destroyed and at the lower shear rate there are

time-dependent effects.
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5.1.3.2 Concentric Cylinders

5.1.3.2.1 Smooth Sensor

It was not possible to obtain time-dependent properties of 7% ben-

tonite with the use of smooth concentric cylinders. The sample did not

show measurable transient response when the angular velocity was either

increased or decreased. The reason for this can be explained by the

fact that a lot of disruption is done to the internal structure of the

sample when placing the sample in the measuring unit, and when the sen-

sor is pushed down into the sample. Adequate resting of the sample did

not guarantee a rebuilding of the structure. The water entrapped in the

house-of-cards type of structure could have been displaced irreversibly,

and a face to face (FF) particle association may have occurred, with no

time-dependent effects.

5.1.3.2.2 Serrated Cylinder

In this case, besides having the same problems mentioned above

(5.1.3.2.1) the sample kept creeping out of the viscometer. This could

have happened because the serrated bob (MVl) acted like an auger for the

solid-like material. Also a Weissenberg effect could have been present

in the material causing this climbing out of the cup.



128

5.1.3.3 Parallel Plates

5.1.3.3.1 Steady Tests

Figures 29 and 30 show the type of response obtained with the

parallel geometry. The sample showed a very short transient at high

shear rates. At lower shear rates the sample showed high inestability

(Figure 29); therefore, it was not possible to measure the transient.
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5.1.3.3.2 Dynamic Tests

Experiments were performed to study the changes in viscoelastic

properties over time. Figures 31 to 36 show the variation of loss and

storage modulus with time at a frequency of 3 s.1 for strain rates from

zero to 30%. Over a period of five minutes there was not a significant

change in either G' or G" over time. As the strain increased, G' and

G" curves approached each other and, at a 30% strain, the curves

reversed with the G" curve going above the G' curve. Therefore, if the

strain is above 30%, the sample will behave as a liquid, and below 30%

solid behavior dominates.

It can be concluded from this test that the sample behavior was

more sensitive to strain than changes due to time dependency.
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5.2 Iota-Carrageenan

The 1% (weight/volume) sample of Iota-Carrageenan had a density of

1008.0 kg/m3, with a standard deviation of 9.9 kg/m3.

5.2.1 Equilibrium Rheological Properties

5.2.1.1 Back Extrusion Tests

Figure 37 shows the experimental values of Feb/(«Lar) as a function

of plunger velocity for 1% Iota-Carrageenan. By using nonlinear regres-

sion, the flow behavior index was calculated with Eq. [92] and found to

be 0.793, with a standard deviation of 0.15. The mean square error was

5.8 107.

By using the method described in Section 4.3 (Data Analysis

Procedure), the rheological properties of 1% Iota-Carrageenan were ob-

tained (Table 6).

Figure 38 shows the pressure drop per unit of length, P, as a func-

tion of consistency coefficient with plunger velocity as parameter.

From this plot, by knowing the experimental values of the expression

Feb/(«Lar) ( which is equal to pressure drop per unit of length P for a

given plunger velocity) the consistency coefficient is obtained, and for

this case is equal to 52 Pa sn
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Table 6. Equilibrium rheological properties of 1% Iota-

Carrageenan using back extrusion technique.

 

Herschel Bulkley Value Units

Parameter

Yield Stress 5.0 Pa

Consistency 52.0 Pa sn

Coefficient

*

Flow Behavior 0.793 dimensionless

Index

 

*) Mean square error when determining flow behavior index was

5.8 107.
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Yield Stress

When the residual force recorded (after the plunger is stopped in-

side the sample) has reached the plateau or equilibrium value is used to

calculate the yield stress, it gives a value of 12.16 Pa with a standard

deviation of 6.4 Pa.

When the values of force recorded while the plunger is moving down

the sample are used to determine the yield stress, a value of 5.0 Pa is

obtained.

5.2.1.2 Parallel Plates

The structure formed by 1% Iota-Carrageenan is easily destroyed

when transferring from the sample container to the sample holder in the

test station of the Rheometrics Fluid Spectrometer. When adjusting the

parallel plates configuration to the desired gap between the plates,

further destruction is done. The gap between the parallel plates varied

for the different tests from 1.5 to 2.0 mm.

Two types of experiments were performed. The first type was a rate

sweep from zero to 10 8-1. Higher values of shear rate caused the

sample to flow out of the gap. Figs. 39 and 40 show replicates of the

test.
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Rheogram of Iota-Carrageenan obtained by a rate

sweep using the Rheometrics Fluid Spectrometer using

parallel plates with a 1.5 mm gap.
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Rheogram of Iota-Carrageenan obtained by a rate

sweep using the Rheometrics Fluid Spectrometer using

parallel plates with a 1.5 mm gap.

Second run after resting the sample for 10 minutes.
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The second type of test was done by setting a constant shear rate

until the resultant shear stress reached an equilibrium.value; at that

moment the shear rate was either increased or decreased and the resul-

tant equilibrium shear stress corresponding to the fixed shear rate was

used to plot a rheogram. Fig. 41 shows a rheogram of the equilibrium

shear stresses versus the corresponding shear rates. It can be seen

that there is a big variation in values of shear stress for a given

shear rate. This fact suggests that the sample is showing its response

to a previous shear history, although the principle underlying the model

developed by Kemblowski and Petera is that after the sample is sheared

to equilibrium at a given shear rate, it will erase any previous shear

history.

Table 7 shows the value of the rheological parameters of a Herschel

Bulkley model when fitting the experimental data from Figs. 39, 40 and

41. The values obtained using equilibrium shear stress at a fixed shear

rate will be used in further calculations.



P
l

S
D
O
I
I
‘

3
0
,
6
8
8
.

146

 

00

 

Figure 41.

' i

* +4——

T = 20.2 °C

 

 
40

sneer Rate. 3“

Rheogram of Iota-Carrageenan obtained after reaching

an equilibrium value for shear stress at a fixed

shear rate. Parallel plates geometry.
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Table 7 . Equilibrium Parameters of the Herschel Bulkley model for

1% Iota-Carrageenan when using parallel plate geometry.

 
 

Experiment Flow Behavior Consistency Yield Mean

Index Coefficient Stress Square

(dimensionless) {Pa sn) (Pa) Error

Rate Sweep 1 0.097 34.2 10. 2.09

Rate Sweep 2 0.377 13.9 10. 1.75

Equilibrium 0.221 7.5 23. 11.9

shear stress

at fixed shear

rate
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5.2.2 Time-Dependent Properties

5.2.2.1 Back Extrusion

When determining time dependency of 1% Iota-Carrageenan with a back

extrusion device,it was not possible to observe a measurable transient

when the plunger velocity was changed during a run from a high plunger

'velocity to a lower one. However, when the plunger is stopped inside

the sample and the force continues to be recorded, it is observed that

the residual force decays over time and then recovers until a plateau

is reached. This inability to obtain a measurable transient is due to

the sensitivity of the instrument. When comparing Figs. 16 and 38, it

can be seen that the values of the term Feb/(«LaR) obtained experimen-

tally for Iota-Carrageenan at a high plunger velocity are much lower

than those values obtained for 7% bentonite suspension when the plunger

velocity used is the lowest.
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5.2.2.2 Parallel Plates

Fig. 42 shows the shear stress history of 1% Iota-Carrageenan when

the shear rate is kept constant until an equilibrium shear stress is

obtained. After the equilibrium is obtained, the shear rate is changed,

and the variation of shear stress with time is recorded until equi-

librium is reached at the new shear rate. After this, the shear rate is

changed to the initial shear rate value. After obtaining equilibrium at

this shear rate, the shear rate is again changed to another value and

the variation of stress with time is recorded. The idea is to obtain a

set of data for a given value of the structural parameter, 5. Cycles of

this type are repeated for other values of the initial shear rate.

Table 8 shows values of the equilibrium and initial shear stress for the

initial, and final shear rates.

With the data given in Table 8, a curve fitting procedure was used

to determine the shear stress-shear rate relationship for a constant

value of the structural parameter. The value of the exponent m defined

by Eq. [58] was 0.263 (st. dev. - 0.02). Table 9 shows the values for

yield stress corresponding at a given value of the structural parameter

IC.

The equation governing the yield stress variation of a 1% Iota-

Carrageenan is obtained from Eq. [55]:

16.203
0y =23 ( l - exp ( -0.218 n ))
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Figure 42. Shear stress history of Iota-Carrageenan when shear

rate is changed from 10 5'1 (step 1) to

0.5 3'1 (step 2), then back to 10 3'1 (step 3), and

finally 35 3'1 (step 4). Parallel plates geometry.
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Table 8. Values of the shear stress immediately after the shear

rate has been changed to a new value, and values of the

equilibrium shear stress at a given shear rate.

 

First Second Third

Shear Shear Shear

Rate Rate Rate

l/s ‘ 1/s l/s

Type of value I II III

Shear rate 2 0.5 5

Initial shear stress 23.02 37.21

Equil. shear stress 31.9 23.92 34.56

Shear rate 2 10 1

Initial shear stress 44.5 22.8

Equil. shear stress 31.9 37.8 22.35

Shear rate 5 0.5 30

Initial shear stress 19.7 48.8

Equil. shear stress 34.3 21.8 42.6

Shear rate 5 0.5 30

Initial shear stress 14.8 42.0

Equil. shear stress 28.0 17.3 40.0

Shear rate 5 20 0.5

Initial shear stress 45.37 16.51

Equil. shear stress 33.87 40.22 19.23

Shear rate 5 30 10

Initial shear stress 48.74 33.07

Equil. shear stress 33.5 41.72 32.43

Shear rate 10 20 30

Initial shear stress 41.2 43.2

Equil. shear stress 35.2 39.4 41.5

Shear rate 10 20 30

Initial shear stress 40.35 41.3

Equil. shear stress 34.5 37.7 39.15

Shear rate 10 20 30

Initial shear stress 35.87 38.9

Equil. shear stress 30.4 35.15 38.0



Table 8 (cont'd.).

Shear rate

Initial shear stress

Equil. shear stress

Shear rate

Initial shear stress

Equil. shear stress

Shear rate

Initial shear stress

Equil. shear stress

Shear rate

Initial shear stress

Equil. shear stress

Shear rate

Initial shear stress

Equil. shear stress

Shear rate

Initial shear stress

Equil. shear stress
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10

35.28

10

30.7

20

37.6

20

35

20

39

20

35.5

0.5

16.2

19.55

0.5

13.1

15.9

30

41.26

39.44

30

37.5

0.5

14.7

19.8

0 5

1825

15.3

N
V

.47

.61
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Table 9. Yield stress values corresponding to a given structural

parameter n for a 1% Iota-Carrageenan solution.

 

Structural parameter Yield Stress Shear Rate

a .
n y 7

(dimensionless) (Pg) (5-1)

0.97 2.6 2.0

0.94 2.0 5.0

0.91 1.0 10.0

0.88 0.6 20.0
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The time dependency factor is calculated from Eq. [68]. Fig. 43

shows a plot of the structural parameter over time when the shear rate

1
changes from 5 to 0.5 s- , and Fig. 44 shows the changes of structural

parameter over time when the shear rate changes from 5 to 30 5-1.

The values of the inverse time constant F parameter are shown in

Table 10. It can be seen that the time constant parameter is a function

of the shear rate; as the shear rate increases, the time constant

decreases. Therefore, the thixotropy effects are better observed at low

shear rates.

When comparing the values of the Herschel Bulkley parameters ob-

tained with the back extrusion technique to those obtained with parallel

plates, the back extrusion technique gives lower values for the yield

stress and higher values for the consistency coefficient and flow be-

havior index. The range of shear rates reached with back extrusion was

3 1
from 4.8 10' to 0.5 s- , and the range of shear stresses varied from

5.5 to 35.8 Pa.
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Figure 43. Changes of the structural parameter over time of

a 1% Iota-Carrageenan sample when the shear rate

changes from 5 to 30 5.1.
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Figure 44.

150

time. 8

Changes of the structural parameter over time of

a 1% Iota-Carrageenan sample when the shear rate

changes from 5 to 0.5 5.1.
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Table 10. Values of the inverse time constant, F, for 1% Iota-

Carrageenan obtained with a parallel plate geometry.

Inverse Time

 

Shear Rate Constant, F Standard Deviation

(s'l) it'l) (a’l)

-3 -3
0.5 3.35 * 10 0.47 * 10

30.0 1.93 * 10'3 0.18 * 10’3

3 3
35.0 1.27 * 10' 0.20 * 10'
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5.3 Advantages and Disadvantages of Using Back Extrusion to Evaluate

Time—Dependent Rheological Properties

Use of the back extrusion technique to evaluate time—dependent

rheological properties presents several advantages:

-The fluid in the annular gap is always sheared, even if the

plunger velocity is very low.

-Very thick fluids can be tested in this device. Very high forces

can be applied on the plunger; therefore, it is always possible to gen-

erate flow in the annulus.

-If the sample contains suspended particles, the annular gap can be

increased.

-The back extrusion technique allows one to follow the development

of yield stress over time after a sample is disturbed and then allowed

to rest .

-The sample does not need to be disturbed when loading it into the

testing vessel

-It is possible to obtain very low shear rates when using the back

extrusion device.
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-In back extrusion testing, the rheological properties are deter-

mined under pressure driven flow, in a similar way as flow in a tube.

Some of the disadvantages when using back extrusion to evaluate

time-dependent rheological properties are:

-Perfect alignment between the plunger and the graduate cylinder

containing the sample is difficult to obtain.

-The evaluation procedure is very elaborate, requiring the use of

computer programs for the calculations.

-The shear rate calculation is especially elaborate, and requires

several iterations.

-The calculation relies too heavily on non-linear parameter estima-

tion.

-The modified Kemblowski and Petera model is still very complex.

-It is necessary to have compression cells (to use in the Instron

Universal Testing Machine) of different capacity ranges. This allows

one to accomodate for a wide range of apparent viscosity by increasing

the sensitivity of the instrument.
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Overall, it can be said that the potential for the use of the back

extrusion technique to determine time-dependent rheological properties

is excellent.

5.4 Practical Applications

The knowledge of the recovery of the internal structure of a fluid

with a yield stress after it has undergone shearing has technological

implications. If such a fluid has been pumped through a pipe and for

some reason it needs to be held temporarily in a surge tank, after a

while this fluid will develod its internal structure. If the pump being

used to transport this fluid was designed without considering the in-

crease in yield stress of this fluid, that pump will not be able to move

the fluid. Or, if gravity is being used to move the fluid, then the

outlet port of the tank has to be properly designed to overcome the

higher yield stress developed during the resting of the fluid.



CHAPTER 6

CONCLUSIONS

The conclusions of this study are:

Mathematical expressions to describe the behavior of

thixotropic fluids in a back extrusion device using the model

developed by Kemblowski and Petera for a thixotropic fluid,

combined with the expressions developed for back extrusion

testing of Herschel Bulkley fluids were developed.

The values of the time dependent parameters of a thixotropic

fluid from back extrusion data were determined.

Using back extrusion methods, the changes in yield stress

with respect to time, after the sample has been sheared and

brought to rest may be followed.

The back extrusion technique is very adequated to perform

studies of both totally reversible and totally irreversible

structure breakdown.
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CHAPTER 7

FUTURE RESEARCH

It would be useful to find a correlation between the shear rate

history (strain history) and the inverse time constant of a thixotropic

fluid in a back extrusion device. For doing the above, different

plunger radii should be used in conjunction with different plunger

velocities.

Materials with standard yield stress should be developed, so that

the above relationship between shear rate history and natural time func-

tion could be verified with other geometries such as capillary tubes.
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APPENDIXMA: RAW DATA

Bentonite 7%

density : 1050.8 kg/m3

plunger radius : 0.01425 m

cylinder radius : 0.01765 m

 

PLUNGER VELOCITY

 

(nun/min) FORCE SCALE TIME SCALE

VPl V132 (N) (min)

3 0.1 10 20

3 0.1 10 20

3 0.7 10 20

3 0.5 10 20

3 0.3 10 20

3 0.05 10 20

3 0.3 10 20

3 0.3 10 20

3 0.3 10 20

3 0.1 10 20

3 0.5 10 20

3 0.7 10 20

3 0.3 10 20

2 0.5 5 30

2 0.2 10 30

2 0.05 10 30

2 0.1 10 30

1 0.2 10 30

1 0.1 10 30

l 0.5 10 30

l 0.05 10 30
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1 0.1 10 30

0.5 0.2 5 30

0.5 0.05 5 30

0.5 0.1 5 30

CHART LENGTH MAXIMUM LENGTH INITIAL LENGTH

(cm) CORRESPONDING TO IN y-DIRECTION

FORCE FOR SECOND PLUNGER

(cm) VELOCITY

c11 c12 yml ym2 (cm)

4.1 27.9 18.4 14.8 13.1

4.1 26.8 18.2 13.9 13.25

3.5 10.8 15.7 19.9 12.9

3.7 14.2 16.8 20.2 13.4

4 20.2 18.8 21 14.55

3.1 29 17.9 12.9 12.2

4 12.1 17.6 16.6 14.25

3.7 10.4 16.1 14.5 12.7

4 15.2 20.9 19 16.2

4.3 21.8 18.1 14 13.2

3.5 13.2 16.9 19.6 13.8

3.3 7.2 16.7 19.5 14.2

4.1 18.5 17.2 19.3 14.1

1.5 5.6 15 22.6 13

3.4 10.9 14.4 14 11.6

4.1 23.7 18.7 15.5 13.7

3.4 22.8 16.7 15.5 12.7

7.2 16.8 14.6 17.9 12.8

6.8 18 15.2 15.2 13.1

6 9.3 13.6 21.4 12.6

5.6 20.7 11.9 10.2 9.45

5.8 19.3 12.2 12.4 10.35

6.7 11.7 14.1 19.5 13.1

8.3 17.2 18.1 17 15.4

5.8 20 13 16.5 11.4
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CONCENTRIC CYLINDER DATA

SMOOTH SENSORS:

BOB RADIUS = 0.0184 m

CUP RADIUS - 0.021 m

RPM Shear Stress

(Pa)
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SERRATED CYLINDERS

BOB RADIUS = 0.0184 m

CUP RADIUS = 0.021 m

Shear Stress

 

RPM ' (Pa)

5 134.5

8 150.3

10 165.7

11 152.9

15 155.3

20 152.4

20 152.9

20 152.6

40 164

40 172.3

40 144.8

50 176.9

70 192.6

70 178.4

80 195.6

80 195.3

90 220.7
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TIME-DEPENDENCY DATA USING BACK EXTRUSION. BENTONITE 7%

Force scale - 10 N

length of paper in y-direction - 25 cm

length of paper in x-direction - 38 cm

Length in LENGTH IN

x-direction y-direction

corresponding corresponding Time scale

to time to force (min)

(cm) (cm)

 

0.1296 ' 0.0545 10

0.1195 0.0545 10

0.3457 -3.3775 10

0.3609 -3.3977 10

0.3940 -3.5093 10

0.5007 -3.9934 10

0.5871 -4.4649 10

0.7218 -5.1492 10

0.8032 -5.7398 10

0.9226 -6.2924 10

1.0294 -6.9083 10

1.1590 -7.5750 10

1.2530 -8.0870 10

1.3903 -8.8347 10

1.8834 -11.2960 10

2.3917 -13.7470 10

2.8568 -15.9345 10

3.1262 -17.0042 10

3.2813 -17.7671 10

3.2533 -15.0271 10

3.2533 -15.0169 10

3.2558 -14.8319 10

3.2584 -14.5049 10

3.2762 -14.2160 10

3.3143 -13.9321 10

3.3346 -13.7952 10

3.4058 -13.6051 10

3.4744 -13.4860 10

3.5913 -13.2806 10

3.7667 -13.0829 10

3.9268 -12.9689 10

4.0870 -12.8802 10

4.3487 -12.8269 , 10

4.7986 -12.7179 10

5.1239 -12.6748 10

5.4340 -12.6419 10

5.8407 -12.6394 10

6.1787 -12.6165 10
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APPENDIX.B : DERIVATION OF EQUATION [59]

Starting with the equilibrium flow curve is described by the

Herschel Bulkley equation

o-%+41“ 1%]

Adding and substracting the term 00 exp( - A n ) into the

above equation gives,

a - 00 - 00 exp( - A ms) + U in + 00 exp( - A ns )

Using the definition of the equilibrium function of the

structural parameter as given by Eq. [58],

%=<«9>““) 1%]

where:

a - a constant = 1 s

m - exponent defined by this equation,

dimensionless
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Regrouping yields

0 - do( 1 ~ exp( ~ A 55)) + n x 1m + do exp( - A as )

Using the expression that defines yield stress

dy = do ( 1 - exp( - A as )) [55]

 

Then,

a - ay + n x 7m + 00 exp( - A 83 > 9” (9 )‘m

Introducing the definition of the structural parameter gives,

d = dy + n x 7m + do exp( ~ A as ) 7m K(m/(m-n)

And finally, after regrouping, the generalized equation of state

for a thixotropic fluid is found to be

00K

0 = 60(1 - exp(- A ms))+n 1m n+ exp(- Ans) [59]
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APPENDIX.C : DIAGRAM 0F EQUATIONS SOLVED BY USING REGRESSION CURVE

FITTING, AND SOLUTIONS TO SIMULTANEOUS EQUATIONS SYSTEM

SOLUTION TO

 

REGRESSION CURVE FITTING SIMULTANEOUS EQUATION

[Equation number] [Equation number]

[55] [40]

[56] [41]

[57] [43]

[59]

[67.a]

[39]

[101]
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