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Preface

The intention of this book is easily stated. It is to give the
laboratory man a workable rheological system: one based on
accepted ideas which can be used either for research or for plant
control purposes.

It has been the author’s desire to avoid writing another textbook,
for it has been believed that a greater need exists in a different
quarter. That place is in the plant control laboratory. The tech-
nologist there in charge usually has only limited time for develop-
ment work; consequently, he prefers to have all ground work
finished and presented to him before tackling his end of the job.
It is realized that an attempt to present any one with a ‘“rheo-
logical system’ is inviting adverse criticism. However, such an
act does not prevent any one else from advocating his own ideas
on the subject.

Non-Newtonian rheology is a network of conflicting ideas.
These ideas are so evenly distributed amongst rheologists that no
particular school or group predominates. Consequently, there is
no final court of appeals to which one may go with a debatable
question and ask for a decision. Each investigator must be his
own judge and answer his own questions. It is upon this back-
ground that any rheological system is constructed. Hence, the
advocate must have ready his apology for his beliefs and acts. In
the present case the apology consists of the fact that the system is
of sound heritage being based largely on the works of Newton,
Poiseuille, Bingham, Buckingham, and Reiner. In addition, the
method has been in constant use for the past ten vears in the
author’s laboratory. During this period the “rough spots’” have
been ironed out, and the system has proved to be practical. It is
to be hoped that the foundation has been satisfactorily laid.

Naturally, no claim is made that the method described here is
the best possible one. Reasons are given and sometimes explained
in considerable detail as to why certain procedures are selected in
preference to others. Arguments against accepting some ideas as
dangerous or misleading are also given; but actual proof of the
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correctness of one’s choice is quite another matter. Preference is
usually a personal affair based mainly on one’s own experience.

The author is greatly indebted to Dr. A. E. Gessler, director of
research of Interchemical Corporation, and to Dr. D. M. Gans
and Dr. Earl P. Fischer, formerly of Interchemical Research Staff
for their encouragement and co-operation during the preparation
of this work. Also special thanks are due to Miss Ruth Weltmann
whose collaboration with the author on numerous rheological
papers has done much to make this book possible.

Hexry GREEN
Easton, Pa.
1947
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PART I

A Rheological System



CHAPTER

1

Some Ideas That Have Retarded Rheological Progress in
Industry

During the last 25 years the author has had many opportunities
to discuss with technologists the numerous problems encountered
in introducing a scientific type of rheology into industrial labora-
tories either for purposes of research or for plant control work.
As the result of arguments that arose, certain objections to scien-
tific rheology (in contradistinction to technical rheology) have
dominated to such an extent by their constant recurrence that an
examination of their possible merits and faults must be made;
for, otherwise, some of the background and reason for this book
will not be evident.

First, it should be stated that that part of rheology dealing with
viscous materials (Newtonians) like gasoline, alcohol, and water
has never been the subject for obstructive argument. Measure-
ments can be made in those cases by “one-point’”’ methods, and
the introduction of such procedures in industrial laboratories has
never met with resistance. It is only when the investigator finds
himself in non-Newtonian fields that he raises an objection to
forming a closer alliance with the science of rheology. His reasons
are natural enough. Non-Newtonians (paints, printing inks, high-
viscosity oils, and the like) require for measurement an entire
consistency curve. The one-point method is no longer adequate,
but the investigator objects to making multipoint consistency
curves. In order to examine his objections, let us list all the prin-
cipal issues that experience has taught us will be raised in protest
against the introduction of a scientific form of rheology in industry.
They are:

1. The science of rheology is too complicated for practical use.
There are no commercial viscometers available that can give con-
sistency curves for many highly viscous industrial products. The

3



4 INDUSTRIAL RHEOLOGY

time consumed in making consistency curves is too long for plant
control work.

2. The science of rheology aims at a high degree of accuracy
and precision. For practical purposes this is not necessary. ‘“One-
point”’ methods can be duplicated with precision; they are, there-
fore, “accurate enough.”

3. Absolute units are not necessary ; therefore, nothing is gained
by substituting a method that gives absolute values in place of
a relative method.

4. Even if one-point methods are not highly “accurate,” they
are at least comparable, because all such measurements are made in
the same way.

Rheology’s Reply

1. The science of rheology s complicated and will continue to
become more so as future progress is made in it. The same objec-
tions can be advanced against analytical chemistry, spectro-
photometry, spectroscopy, electron microscopy, and many other
sciences that industry finds useful. The part of rheology that is
necessary for plant control work is not too extensive and is fairly
simple. It can be utilized in the plant, as has been demonstrated
in certain companies. It is true there are not many viscometers
suitable for making consistency curves of highly viscous materials,
but such viscometers can be and have been built. When properly
constructed, these instruments are rapid enough in operation for
plant control work.

2. The main object in applying a sound rheology to industry is
lo substitute the multipoint consistency curve for the one-point method.
As may be seen, “accuracy’’ does not form any part of this motive.
Accuracy cannot do so because in the present case the word is
practically meaningless. That is, there is no standardized method
for determining with 1009, assurance the actual yield value and
plastic viscosity of a material. There is, therefore, no means for
determining accuracy. As for precision, that is only a question of
constructing a reliable instrument and then learning how to operate
it in exactly the same manner each time. If the method is wrong,
precision is simply the ability to duplicate one’s mistakes precisely.
1t should be apparent from what has been said that accuracy and
precision, although two ideals greatly to be desired, are not the real
arguments for adopting scientific rheology to plant control work.
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3. The argument about absolute units is also one that causes
unnecessary apprehension and confusion. There is no real neces-
sity to report measurements in absolute units. The only reason
rheologists do so is that it gives them a common language in which
to compare their results.

4. A one-point method consists of the measurement of a single
shearing stress and the particular rate of flow this stress produces
in the material under test. The result is a point on an unknown
consistency curve. Being but a single point the measurement
cannot locate the position and direction of the curve. (The only
exception is the rase of Newtonians, which give straight-line curves
passing through the origin.) Suppose that one-point measurements
are made on two or more entirely different non-Newtonians. Also
suppose that by chance the consistency curves of these materials
happen to cross one another at the exact point of measurement.
The investigator who believes in the proposition that all materials
which are run alike will give results that are comparable will be
forced to say that the two or more entirely different non-Newto-
nians are not different but.actually rheologically identical. That, of
course, would be incorrect. Therefore, there is no reason to be-
lieve that one-point measurements on non-Newtonians are ever
comparable even though they are made exactly alike.

During the numerous occasions in which these concepts have
been advanced and argued, there never seemed to have been any
trouble in convincing the one-point investigator that his method
was not sound. In fact he always freely admitted this point; but
as a rule, after having committed himself to that extent he returned
to his laboratory and proceeded to make the same mistakes over
again. The reason has long been a puzzle, one that has created
considerable food for thought. The solution undoubtedly is that,
if the investigator gives up his one-point method, he will have
nothing to put in its place. He could, if he chose, study the text-
books on rheology, and obtain a general survey of the science. If
he does so, he will discover what each rheologist has accomplished
in developing his own particular part of the science. He will find
that rheology, as recorded in the literature, is a kind of jigsaw
puzzle, one in which the investigator must fit the pieces together
himself; that some of the pieces are missing; that rheology contains
within itself a collection of contradictory ideas. It is perhaps well
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to inspect some of the ideas that are most confusing to the beginner.
They are: '

There is no such thing as a yield value. There is a single yield
value. There are three different yield values. The reason for the
bending of the lower end of the consistency curve is not known.
The curve bends because of slippage. It bends because of the
transition from plug to laminar flow. It bends because of realign-
ment of the molecules. It bends because of thixotropy. Thixot-
ropy is not a comparable term and as such cannot be measured.
Thixotropy can be measured by a ‘“one-point’’ method. Thixot-
ropy cannot be measured with anything less than a single con-
sistency curve. Thixotropy cannot be measured with anything
less than two different consistency curves. Any solid that can be
made to flow is thixotropic. Solid flow per se i1s no evidence of
thixotropy. There is no difference between yield value and thixot-
ropy; yield value and thixotropy are not the same phenomenon.
Plasticity and thixotropy are always coexistent. Plasticity can
exist without the presence of thixotropy. The capillary-tube vis-
cometer is preferable to any other type. The rotational viscometer
is preferable to any other type.

Anyone will admit that in such a sea of conflicting ideas the
simple one-point method has a substantial appearance. At least
it seems to be a straw worth clutching at; and that is apparently
what many industrial rheologists are doing. If an investigator is
to be dissuaded from this course, he must be presented with a com-
plete and workable system, one that is internally noncontradictory,
and one that can be followed through from beginning to end. It
was with such a thought in mind that the system in this book has
been described and presented to the laboratory man. It is to be
hoped that in the course of time he will find it useful and capable of
fulfilling its purpose.



CHAPTER

2

The Proper Starting Point for the Rheologist

The most desirable point for the laboratory technologist to com-
mence his study of rheology depends on the type of substance he is
required to measure. If his materials are the kind that follow the
hypothesis given by Newton—that the rate of shear in a liquid
is directly proportional to the shearing stress—then a study of the
capillary-tube viscometer is most suitable. On the other hand, if
the materials are those, like pigment-vehicle suspensions, which
follow a nonlinear law of flow, then a better starting point is with
the microscope supplemented only with certain basic facts of
capillary viscometry.

The microscope fulfills a double purpose. It shows what is tak-
ing place when a material flows through a capillary tube and, in
addition, makes possible the study of structure, revealing its rela-
tion to the rheological consistency curve. Both purposes are im-
portant. Any severance of microscopy from rheology makes it
difficult to acquire a mental picture of the internal mechanism of
rheological models, and, incidentally, it robs rheology of much of
its interest.

The Newton Model of Flow

Before the part played by the microscope is discussed, the con-
cept of Newton for viscous flow and Bingham’s modification of it
for plastic flow must be described. In Figure 1 is shown what will
be called here the Newtonian Model of Flow. It consists of two
planes A and B, the intervening space being filled with the liquid
under test. A tangential shearing stress F is applied at a. The 4
plane then moves with respect to B, carrying with it the innumer-
able parallel planes of liquid existing between 4 and B. Each
plane, however, is carried a different distance. The top plane A
goes the farthest with respect to the B plane (which remains sta-

7



8 INDUSTRIAL RHEOLOGY

tionary). When the point b reaches c, the straight line cd marks the
distance traveled by all the intermediate planes. If bc is the dis-
tance traveled in one second, its length gives the velocity of A with
respect to B. Then bc divided by bd becomes the rate of shear or
velocity gradient. This is customarily written dv/dr where v is veloc-
ity and 7 is the distance between the planes. It is obvious, from

Fig. 1. The Newtonian Model of Flow

such a model, that for a given F, dv/dr is constant throughout the
mass of material.

Newton assumed that the rate of shear is directly proportional
to the tangential shearing stress. His idea is expressed mathe-
matically in the equation,

I 1)

7 dr

The proportionality constant % is the coefficient of viscosily and is
defined as the tangential shearing force per unit area that will
produce a unit rate of shear. IEquation 1 is applicable only to
those liquids whose molecules are not hampered in their motion
by the formation of structure or by molecular alignment under high
rates of shear.

For plastic clay suspensions in water, Bingham ! used a modifica-
tion of the Newton concept. Bingham reasoned that plastic flow
could not start until the applied shearing stress exceeded the stress
arising from frictional resistance between the clay particles. Ile
expressed his hypothesis by introducing into the Newtonian equa-
tion a frictional factor f. Thus,

7 _dv @
p(F —f) = o

where f is the tangential force per unit area just required to start
flow. Bingham replaced 1/9 with g, which he called the mobility.
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The Capillary-Tube Model of Flow

Unfortunately the Newtonian model of flow, cannot be dupli-
cated in the laboratory, for either the planes A and B would have to
be infinite in extent, or, if they were finite, the liquid between the
planes would have to retain its shape and position without the ben-
efit of retaining side walls. Both these conditions, naturally, are
impossible to produce. The difficulty this limitation introduced
was finally overcome years after Newton’s time by the IFrenchman,
Poiseuille (1846), in his investigation of the flow of liquids through
capillary tubes. Poiseuille discovered empirically that the volume
per second of liquid flowing through a capillary tube is directly pro-
portional to the activating stress. When this became known, math-
ematicians applied Newton’s equation to the capillary tube and
derived the following:

V  =R'Pg

¢ —8l1]

3)

where V /¢t is the volume of flow per second; P the activating pres-
sure; and R, [, and ¢ the radius and length of the tube and the
acceleration of gravity, respectively. In the capillary-tube model
of flow, Newtonian liquids give a dv/dr that varies directly with r
for a fixed pressure head. 7 is the radius of any inner cylinder
coaxial with the tube. Since R, /, and » are constants for a given
tube and material, Equation 3 shows that the volume of flow per
second is directly proportional to the pressure head, which is in
agreement with Poiseuille’s discovery; and so the validity of the
Newtonian concept was established without actually employing a
Newtonian model of flow. Equation 3 is known as the Poiseuille
equation. Its derivation together with the various corrections used
with it are given in Appendixes A and B.

At the time of Bingham’s original pioneering work on clay sus-
pensions it seemed logical enough to write the flow equation of a
plastic in a capillary tube as follows:

V.  aRY(P — p)g
ST P @)
t 8ly

where p is the smallest applied pressure that will just cause flow.
Unlike Equation 3, Equation 4 was not deduced by any mathe-
matical process. It was an assumption only. Now if ¥/t is plotted
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against P in Equation 3, for a series of different pressures, a
straight-line consistency curve is formed passing through the
origin (Figure 2a). Then for plastics, it seemed natural to expect
that, if V/t is plotted against a series of pressures, a straight-line
consistency curve should be formed intersecting the pressure axis
at p (Figure 2b). Unfortunately this does not occur, but a non-
linear curve is obtained as given in Figure 2¢. This means that
the assumption made in writing Equation 4 (that the same mecha-

V/t
Vit

(@ - p (b)

Vit
Vit

© ; @
P L f, P

Fig. 2. Consistency Curves

nism of flow exists here as for simple liquids) is not correct. The
reason was not known at the time this fact was first discovered, but
various “‘explanations’ were suggested. For instance, the curva-
ture was attributed to slippage, to seepage, and to a change in con-
sistency under low rates of shear. There still are rheologists who
hold to the last explanation, and, as a matter of fact, it is possible
that that idea is partly true. The fact that the plastic-flow curve
for capillary tubes was not found to be linear did more to hinder
the development of a scientific non-Newtonian rheology than
anything else.

The Microscopical Examination of Flow

In order to find a possible explanation for the unexpected curva-
ture, Green ® in 1920 examined microscopically the flow of plastic
suspensions in fine capillary tubes. This work was repeated in a
more detailed manner by Green and Haslam in 1925.7 Apparently
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nothing further was undertaken in that line until 1941 when
Mukherjee, Sen Gupta, and Sen,*® evidently unaware of the earlier
work, repeated it, but used flat cells instead of capillary tubes.
The microscopical technique for the study of flow is simple. An
ordinary glass tube is drawn down until it becomes a fine capillary
of sufficiently small diameter so that it can be placed under a 4-mm
objective. The tube is then mounted on a microscope slide in a
liquid with the same refractive index as that of the glass from
which the capillary is made. When such a mount is examined
through a microscope, no glass walls are visible so long as the tube
is filled with the material under examination. If the material is
transparent, like a simple liquid, it is necessary to mix into it
some pigment particles coarse enough to be visible. The examina-
tion can be made with transmitted light. If the substance is an
opaque plastic like paint or printing ink, this procedure is not
necessary, and the material must be examined by reflected light.
This is done by allowing the light to enter from the side.” When
air pressure is applied to the end of the capillary, flow commences.
If one examines first a simple liquid, it will be found that the
incorporated pigment particles make the flow lines visible. The
particles in the center of the
tube move the fastest with re-
spect to the tube wall. The ~~~~"7777
particles at the edge show the
least flow. A cross section (a) Newtonian Liquid
through the tube gives a para-
bola (Figure 3a) for the dis-
tances traveled in unit time
instead of a straight line as in
the Newton model of flow. (b) Plastic Material, Bingham Body
This can be ascertained by g 3 Flow through Capillary
measuring with a ruled eye-
piece the velocity of the various pigment particles in the different
telescopic layers of flow (laminar flow). The velocity v at radius r is

PgR?  pgr?
B 4lq 4lq
If we return now to a plastic of pigment suspension type, micro-

scopical examination reveals at once that, when sufficiently low
pressure is applied, the material does not move in telescopic layers.

(5)
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It moves as a solig plug lubricated with a thin layer of vehicle
between itself and the capillary wall. This type of flow has been
called “slippage flow,” a term that is probably confusing. There
is no slippage of the vehicle against the tube wall. However, the
pigment particles are too large to adhere to the wall (in ordinary
cases), and so they appear to slip. Actually they are being carried
along with the flowing vehicle. Slippage flow should give a linear
consistency curve intersecting the origin. Whether it does or not
is still a debatable question.

If the pressure is increased gradually, there comes a time when
the particles in the outer layer of the plug become detached and
move independently of and slower than the rest of the material.
This is the beginning of laminar flow. All the other layers of the
plug are held together in a solid piece. The reason they are held
together is that the lateral shearing force per unit area gets smaller
as the distance toward the tube axis is traversed. Eventually it
gets smaller than the force required to start flow within the plug.
This force can be calculated by equating the total lateral shearing
force on the side of the cylinder, with the total applied pressure

thus: 2mrlf = m2pg

or
g
i 51 (6)
When r, the cylinder radius (not necessarily the radius R of the
capillary tube) becomes sufficiently small so that rpg/2l is less
than f, the rate of shear between the two adjacent layers at r
becomes zero.

As the pressure is raised, more layers begin to shear. If the
plastic is very opaque, it will be impossible to see what takes place
in the interior of the material during flow. In order to satisfy
one’s curiosity, however, a “pigment”’ can be made of ground glass
or of microscopic glass spheres % and incorporated in a vehicle
whose refractive index approximately matches that of the glass.
Such a mixture is sufficiently transparent to permit microscopical ob-
servation all the way through it. When a cross section of the veloc-
ities of the various layers is made, it will be found to follow a pat-
tern as shown in Figure 3b. This is not a truncated parabola, but a
parabola that has been cut in half and the two halves pushed apart.
Between these two halves is the remains of the unsheared plug.
As the pressure is further increased, the parts of the parabola in-
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crease, and the radius of the plug decreases. This type of flow is a
mixed regime where laminar flow and plug flow exist side by side.
As can be readily understood, this does not duplicate the model
of flow shown in Figure 3a for a simple liquid. Consequently it is
evident that Equation 4 cannot be correct, for the equation was
based on the assumption that the model of flow for a plastic did
not differ from that of a liquid in Equation 3. Consequently, no
mystery exists as to why Equation 4 did not meet with the expec-
tations of investigators in the 1916 period of rheology.,

Erroneous Conceptions of Flow

It was desirable to dwell on these facts at some length, for the
student who can clearly see that there is no necessity to adopt
speculative ideas in regard to nonlinearity is, at least, started in
the right direction. This viewpoint constitutes an important part
of the rheological system that we are endeavoring to develop here.
Hence, the advantage of commencing with the microscope; for if
the microscopical picture of flow is firmly implanted in the mind,
no conjectural ideas of contrary type will cause doubt or mental
confusion. For instance, it is obvious that an empirical equation
of flow such as ;

v

— =" ()

is not acceptable, no matter how perfectly it might fit the labora-
tory data; for there is no reason to believe that Equation 7 can
express a change in the model from plug to complete laminar flow.
All such equations as 7 can be discarded, for almost any one of
them can be made to fit a non-Newtonian consistency curve by
suitable adjustment of the parameters. When this happens, no
particular significance should be attributed to it, for the meaning
of @ and n are unknown, being empirical constants only. Further-
more the dimensions of a will depend on the magnitude of n. This
means that a has no fixed significance or counterpart in nature.

The Concept of Yield Value

When Bingham first recognized the significance of an intercept on
the pressure axis, in deriving his consistency curve for clay and
water mixtures, he attributed it to friction. This friction existed
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between the particles of clay and resisted flow to the extent of the
pressure designated by the intercept. The letter f was used to sym-
bolize friction. This letter has been retained by many rheologists,
even though the name “friction” is no longer employed. It seemed
highly probable that friction might not be the only factor involved
in producing the intercept. It was, therefore, decided to change the
name to something noncommittal. The term “yield value” was
suggested as a temporary expedient until something more appro-
priate could be found. The term yield value appeared for the first
time in a joint publication by Bingham and Green in 1918.2 Sev-
eral years later yield value was definitely adopted by them, though
it was realized that the term was not entirely satisfactory.

In the preceding paragraph it was stated that friction might not
be the only force producing an intercept. The force of pigment
flocculation can also prevent flow unless it is exceeded by the
applied force. If a pigment vehicle mixture be sufficiently diluted
so that examination can be made microscopically by transmitted
light, the pigment will most likely show flocculation. This experi-
ment can be carried out easily in the microplastometer.” In Figure
4a (showing the tube of the microplastometer) the pigment is
flocculated and held together by a force that must be overcome
before shearing can take place. In Figure 4b such a force is being
applied and has resulted in laminar flow.

Yield value is the factor that distinguishes plastics from liquids.
(The term plastic used throughout this book refers to Bingham
bodies ! and not to synthetic plastics). When the yield value of a
material is sufficiently high, it becomes manifest by imparting to
it a shortness or butter-like consistency, a fact well known to
investigators who are familiar with paints and printing inks. Yield
value makes plasticity possible. Plasticity also includes the con-
cept of flow without rupture; that is, the material must not be
brittle. Putty and molding clays are two common examples of
materials possessing yield value. Heavy oils, tars, and pitches,
though highly viscous, have no yield values normally, and, conse-
quently, they are not plastic. They will even flow under their own
weight, although it might take some time before the quantity of
flow becomes observable.

The reader might well ask at this stage how an intercept can be ob-
tained from a plastic-flow curve, if that curve is not linear such as
that shown in Figure 2c. For a long time it was believed that the
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(a)

()

Fig. 4. Photomicrographs of Flow through a Capillary. (a) Plug Flow.
(b) Laminar Flow
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plastic-flow curve obtained with a capillary viscometer was com-
posed of two parts—the upper part being linear and the lower part
nonlinear. The intercept was then obtained by extrapolating the
upper part of the pressure axis as shown in Figure 2d. This gave
the intercept fg, which Houwink ' calls the “Bingham yield value.”
Houwink also conceived of two other yield values, f; and f;; the
former he called the “lower yield value.” It is apparently the
pressure just necessary to start laminar flow in the outermost
layer. The last yield value fi» Houwink called the ‘“top yield
value.”” This, as will appear, is approximately the force that pro-
duces laminar flow fairly completely throughout the tube. It is
now known that the consistency curve of a plastic taken with a
capillary viscometer cannot be linear in any part of it, if there is
such a thing as a constant yield value.* Consequently, the process
of extrapolation from the upper part of the curve is very inaccu-
rate. Nevertheless it is used extensively. Also the concept of
three different yield values is quite unnecessary, as will be shown
in the discussion of the rotational viscometer.

As a result of these misconceptions, rheologists lost most of their
faith in the objectivity of yield value. It became a purely subjec-
tive phenomenon. It was even called a “mythical intercept on a
hypothetical line.”” To make matters worse various rheologists
attempt to prove by experiment the nonexistence of yield value.
Their methods for doing this were not always fair. They used non-
Newtonians without yield values (pseudoplastics) to demonstrate
their point. The term yicld value fell into disrepute. However, it
was never completely abandoned and is used now probably more
extensively than ever. The reason is perhaps twofold. Tirst, the
work of Reiner and Riwlin 3! showed that the rotational viscom-
eter should produce a consistency curve, the upper part of which
must be linear for plastics. This made the extrapolation to an
intercept on the force axis a rational procedure. Second, whether
yield value is a myth or not, it does give a measure of a property of
matter that the manufacturer and consumer find desirable and
useful. This fact leads directly to a principle of our rheological
system: It is not so important either to know the cause of yield
value or to possess complete faith in its reality. It 7s necessary to
be able to measure it by some reasonable and acceptable method.
At the moment this might seem incompatible with scientific integ-
rity. That it contains a basic truth, however, becomes contin-
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uously more evident when the investigator gains experience and
knowledge of industrial rheology.

Viscosity

A Newtonian liquid is defined rheologically by only one con-
stant. That constant is the coefficient of viscosity, commonly
abbreviated to the single word, viscosity. Viscosity is directly pro-
portional to the cotangent of the angle made by the consistency
curve and the force axis (Iigure 2a). Numerically it is equal to
the number of dynes that will induce a unit rate of shear. This
number varies with the temperature of the material; so the tem-
perature at the time of measurement should be given with it. The
unit of viscosity is the potse. 'When a shearing force of one dyne
induces a unit rate of shear, the material has a coefficient of
viscosity of one poise.

The coefficient of viscosity for a Newtonian can be obtained by a
“one-point’”” method. The measurement is made for any point a.
A straight line is drawn through a to the origin 0. This gives the
consistency curve (Figure 2a). Such a procedure is valid because
the rate of flow is directly proportional to the pressure. The co-
efficient of viscosity is determined from the cotangent of the angle
as stated before, and the calculation made by IEquation 3.

Apparent Viscosity. Unfortunately the single-point method is
invalid for non-Newtonians. Nevertheless many rheologists use
such a procedure for non-Newtonians. They attempt to make their
measurement valid by calling it “apparent viscosity.” Now appar-
ent viscosity is the viscosity a material would have if i1t were a New-
tontan; but a non-Newtonian is never Newtonian. Therefore, ap-
parent viscostly is, in truth, a myth derived from an entirely hypo-
thetical consistency curve. Apparent viscosity, however, is found
acceptable to the majority of rheologists, even to some of those who
cannot accept the “yield value myth.”

Retention of the apparent-viscosity concept has probably done
more to create confusion in the minds of plant technologists and
to delay rheological progress in industrial laboratories than any
other factor, except the unfortunate nonlinearity of the plastic-flow
curve. In the rheological system described in this book apparent
viscosity plays no part. In the chapter which discussed thixotropy
it will be shown how the beginner can confuse the decrease in
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apparent viscosity, resulting when the rate of shear is lowered (a
matter of simple geometry), with thixotropic breakdown (arising
from structural change). These two phenomena are not even
related, and any system that cannot keep them clearly separated
is misleading.

Plastic Viscosity. The type of material that gives a consistency
curve like that shown in Figure 2b has been called by Reiner !
a “Bingham body.” A Bingham body can be defined as one that
would comply with Equation 2, if a Newtonian model of flow could
be had. In the Newtonian model, the tangential shearing force
per unit area is the same on each layer. Consequently, when the
yield value is exceeded by the applied force on any one layer it is
exceeded on all of them. All the layers will start to move then at
the same time; and as long as the applied force remains constant
dv/dr will be constant throughout the body of the material. If
the force in excess of the yield value is doubled, dv/dr is doubled;
if tripled, dv/dr is tripled, and so forth. In other words dv/dr is
proportional to F — f, and the relationship as given in Equation 2
is being followed. According to Equation 2,

F —
U= !
dv

dr

(8

where U is the cocfficient of plastic viscosity ¢ and f is the Bingham
yield value (not Houwink’s fg, which is not yield value but a func-
tion of yield value). It is necessary to qualify U by calling it the
coefficient of “‘plastic viscosity’’ in order to distinguish it from the
coefficient of viscosity of liquids. Plastic viscosity is the number of
dynes per square centimeter of tangential shearing force in excess of
the Bingham yield value that will induce a unit rate of shear.

It should be evident by now that plastic viscosity cannot be
determined experimentally from a one-point method. It takes at
least two points to obtain a consistency curve of a plastic material,
if it is assumed that a viscometer can be constructed capable of
giving a straight-line relationship. In actual practice it is safer to
use many points, npt just two. To prove that the substitution of a
multipoint for a single-point method can be accomplished in an
easy and practical manner is one of the main purposes of this book;
. In fact, it is the keynote of our system.
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Common Arguments Against the Multipoint Method

Opposition to the multipoint method rests on two arguments.
One of these is valid, but not insurmountable; the other is incorrect.
The first states that there are no entirely satisfactory viscometers
manufactured that can be used for making consistency curves and
that the investigator is, therefore, compelled to build his own
instrument. That is true; but the investigator who is unable to
build his own apparatus is out of place in a chemical or physical
laboratory. Suitable viscometers can and have been constructed.

The other argument in opposition to the multipoint method is
that such a laborious process is unnecessary. This argume