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ABSTRACT
i

The flow of molten polystyrene, poly(methyl meth
acrylate) and three blends of these polymers has been 
studied in a rheogoniometer and in packed beds of uncon
solidated spherical glass beads. One primary purpose 
of the study was to determine the behavior of polymer 
melt blends in porous media flow. The second major 
purpose of the work was to develop and test a new and 
powerful model for packed bed flow based upon the Huang 
generalized rheological constitutive equations.

Rheological characterization of the pure polymers 
and blends was obtained using a Roberts-Weissenberg 
rheogoniometer. Shear and normal stresses were measured 
at shear rates from .002 to 20 sec~* and temperatures 
from 180 to 220 °C. Both the four parameter Huang and 
three parameter Ellis equations of state provided ex
cellent representations of the viscometric data.

The Huang rheological equation was combined with 
an hydraulic radius capillary model for a porous medium 
leading to a generalized Darcy's law. This expression 
defined an effective non-Newtonian viscosity applicable 
to packed bed fluid flow. A packed bed friction factor



ii
and Reynolds number were developed to correlate ex
perimental data.

Pressure drop of the pure polymers and blends was 
measured over a range of flow rates through packed beds 
of various bead sizes and packing depths. Temperature 
was maintained at 20̂ -° G.

Data for each pure polymer and blend was success
fully correlated using a friction factor-Reynolds num
ber relationship, which specifies that the product of 
these dimensionless quantities is constant. The value 
of this constant for pure poly(methyl methacrylate) was 
approximately one half the value for pure polystyrene 
and the three blends.

No significant differences in the behavior of the 
pure polymers and blends was observed. The Huang equa
tion of state provided excellent representation of 
molten polymer viscometric data and successfully cor
related packed bed flow data. The difference in packed 
bed flow behavior of poly(methyl methacrylate) and the 
other materials was tentatively ascribed to unidenti
fied surface interaction effects between the fluids and 
the packed beds. Using the defined expressions, pres
sure drop for packed bed flow can be estimated from 
the rheological properties of the fluid and the physical 
properties of the packed bed.
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PREFACE

This dissertation is the culmination of research 
first proposed hy Professor R.G. Griskey six years ago. 
Under his direction, the basic goal of studying the 
porous media flow of melt blend polymers jelled.

Design and fabrication of the equipment was directed 
by Dr. Nandor Siskovic, and accomplished through the skill 
of Mr. Walter Schmeideskamp and his able shop personnel.

Shortly after experimental work began, Professor 
Griskey left NCE and Professor C.R. Huang assumed the 
task of research advisor for the study. Under his direc
tion, a second important aspect of the effort material
ized. The opportunity was to develop and test a new 
theoretical model for a packed bed. The basis for the 
new model was a statistical thermodynamic constitutive 
equation proposed by Professor Huang. With his con
siderable expertise and patience, the goal was accom
plished.

Actual conduct of the packed bed experiments re
quired two to three people. In addition to Dr. Siskovic, 
fellow students Minh Ho Choi and Yon-Li Shanghuan par-
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ticipated extensively in the work.

The large quantities of polymer required for the 
packed bed experiments were supplied free of charge 
by the Dow Chemical Company and at discount by Rohm and 
Haas Company.

Financial support for the 1971 school year in which 
full time research was conducted was through Graduate 
Assistanceships made available by the Graduate Division.

Time, financial support, materials and encourage
ment were liberally bestowed throughout these years by 
my employer, Celanese Corporation.

Those needs, problems and motivations to which no 
one else could respond were cheerfully shared by my 
wife, Sandee. She also contributed significantly to 
this final manuscript.

To each person and organization I have named and to 
others whose influence has touched this work, my hearty 
and lasting thanks!
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CHAPTER I. INTRODUCTION 1

Statement of the Problem
The occurrence of porous media is universal.

Living organisms are porous, soil is porous, graphite, 
ceramics, wood, textiles and molecular sieves are all 
porous materials. The importance of an understanding 
of the processes which occur in porous materials has 
long been recognized. Investigators have used a variety 
of approaches to characterize porous structures. Because 
of the diversity, complexity and universality of 
porous media, no rigorous comprehensive mathematical 
descriptions have been formulated - nor does such a 
model seem possible for some time to come. Meanwhile, 
significant extensions of existing theory can be made 
through the practical, solution of specific problems.

Significance of the Problem
Applications of the theory and technology of porous 

media flow abound. One of the most important appli
cations is in secondary oil recovery. The problem of how 
to extract oil which remains in pores underground after 
primary recovery is extremely complex. Present wide
spread recognition of the importance of conserving our 
not unlimited natural resources further highlights this 
application. Studies of the flow of non-Newtonian fluids



through various types of porous media contribute to a 
phenomenological understanding of this task.

Chemical engineering applications of porous media 
flow include catalytic fixed bed reactors, packed towers 
to perform separations, filtration operations and packed 
bed polymer melt processing - particularly as applied 
to filament extrusion.

In the mid 1960's and early 1970's, many investi
gators focused on the flow of non-Newtonian fluids 
through porous media. Even so, the bulk of our present 
knowledge of the subject relates to Newtonian flow.
The behavior of Newtonian fluids flowing in porous media 
provides satisfactory design criteria for many gas and 
simple liquid systems. In addition, the techniques of 
Newtonian fluid analysis form the basis for the suc
cessfully applied non-Newtonian treatments.

The majority of the experimental studies of non- 
Newtonian systems are for dilute polymer solutions. 
Investigators have thus been able to readily control 
and vary the degree of non-Newtonian behavior exhibited. 
As discussed later, only a few published studies deal 
with the flow of molten polymers. These studies are 
of great practical importance to the present work since 
they address some of the same equipment design, exper-



imental, and data analysis challenges. 3

What is sought in this investigation is to extend 
the work of previous studies in several ways. Great 
attention is devoted to the design of the experimental 
apparatus, that it relate in practical terms to com
mercially important extrusion equipment and that it 
provide accurate measurement of the experimental vari
ables. Polymers of commercial importance are chosen 
for study - namely, polystyrene and poly(methyl meth
acrylate). Perhaps of greatest significance, the study 
is not limited to pure component single phase systems, 
but is extended to melt blends of the subject polymers 
as well.

Increasing attention is being focused on polyblends 
as a result of attempts to extend the applications 
of polymeric materials by combining them. Enhanced 
strength, toughness, durability and other features are 
sought. Systems of commercial importance include impact 
rubber modified polystyrene, rigid polyvinyl chloride 
blended with poly(butadiene-co-acrylonitrile), and 
acrylonitrile-butadiene-styrene plastics. Industry 
continues to research bicomponent fibers which exhibit 
self bulking characteristics for use in fashion design. 
Other studies of blend systems have been made, but no
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previous study of melt blend porous media flow is known. 

Methodology
The study is divided into two parts, each requiring 

theoretical and experimental development. Rheological 
melt behavior of the pure components and blends is 
characterized over a broad range of temperatures and 
shear rates in a Weissenberg type cone and plate instru
ment. A satisfactory rheological model to describe 
the data is sought. In the second phase, isothermal 
flow data through packed beds of unconsolidated par
ticles of regular geometry is generated. These results 
are analyzed by coupling a generalized Darcy's law and 
the rheological equation of state with an hydraulic 
radius capillary model for the porous media. A test 
of a new thermodynamically based generalized equation 
of state is made. Further, an analytic solution of 
the hydraulic radius packed bed model is developed 
using this phenomenological equation.

Behavior of the pure component and blend systems 
is assessed relative to studies of the same or similar 
systems in other flow geometries.



CHAPTER II. THEORY 5

General
The several components of fluid flow theory required 

to analyze porous media flow are outlined below. A 
derivation of the fundamental rheological relationships 
for generalized Newtonian fluids is given. Several 
equations of state based on this development are re
viewed. An alternate statistical thermodynamic approach 
leading to a generalized rheological expression for 
pseudoplastic fluids is given.

The approaches to porous media flow analysis are 
outlined and the Darcy law development for Newtonian 
fluids is detailed. Extension of the Darcy law concept 
to non-Newtonian fluids is made for several models of 
interest. Finally, the behavior of polymer melt blends 
in other geometries is presented as a guide to the type 
of results which might be observed in porous media flow.

Rheological Models for Non-Newtonian Fluids
A generally accepted development of the basic laws 

governing the isothermal flow of incompressible fluids 
is given by Bird, Stewart and Lightfoot (7)* The 
equation of continuity describing the rate of change 
of density within a volume element fixed in space as 
a function of net mass efflux from the element is



given as 6

I f  =-[V-Av) (II.1)

The equivalent expression as a substantial derivative 
of density is

For the special case of incompressible fluids, (II.2) 
reduces to

The momentum balance carried out on a volume 
element gives expressions analogous to (II.l) and (II.2) 
above, i.e.

|t(pv)=-[v-pv v] -  2 p -  [v-i] + pa (ii.*)

for an observer traveling at the local velocity of the 
volume element. These equations are completely general 
and apply to all continuous media.

To be able to use these expressions, one must 
define the various stresses in terms of fluid charac-

(II.2)

(II.3)

for an observer at a fixed point,and

(II.5)



teristics. For the Newtonian fluid, the simplified ' 
relationship between the stress tensor and the velocity 
gradient or rate of deformation tensor is

In this case, the coefficient of viscosity,^/, depends 
on pressure and temperature, but not on the stress and 
velocity gradient tensors.

For the non-Newtonian fluid, a constitutive model 
of similar type is proposed

where the coefficient, "JJ , is a scalar quantity and 
is a function of either the stress or velocity gradient 
tensors. This generalized Newtonian fluid model is 
the basis for all of the specific constitutive equations 
presented in the following section (6).

The functionality of TJ on either T  or ^  is now 
required. Arguments as to the relative importance of 
the three scalar invariants of A  on which 7| may 
depend are given by Bird (?) and by Sadowski (91) and 
need not be recast here. The practical result of the 
assumptions which are made is that is a function of 
the second invariant

(II.6)

(II.7)



Thus

7I  =  7| [ 4 ; A ]  ° r  fl = 7l[X:l]  ( I I - 9)

The development is thereby restricted to incompressible, 
inelastic fluids and to systems in which the fluid 
behaves as though the flow geometry were simple. The 
only justification for ignoring the effects of complex 
geometry (as in a packed bed) is the success of various 
investigators in correlating flow data without admitting 
a geometrical dependence.

Generalized Newtonian fluid equations of state.
Many rheological models have been formulated which 
conform to equations (II.7) and (II.9)» No one model 
has been proposed which is universally applicable to 
all non-Newtonian fluids. In general, the flexibility 
of such functions increases for a greater number of 
adjustable parameters, but the utility correspondingly 
decreases with the added complexity. The models con
sidered here are those of demonstrated utility and 
relative simplicity. References to more detailed 
development and discussions of the equations which 
follow may be found in Bird (6), Ferry (30), McKelvey



(66), and Rheology (86). 9

Undoubtedly the most widely used generalized 
Newtonian model is the Ostwald-de-Waele or power law 
expression

This simple two constant model has been found appli
cable to many fluids over intermediate shear rate 
ranges. It reduces to Newton's law of viscosity for 
n = 0 and m = fj. . For pseudoplastic fluids ( n ̂ *1), 

the model incorrectly predicts infinite viscosity in 
the limit of zero shear stress (6). Further, Reiner 
(85) has objected that no physical significance can be 
attached to the coefficient m since the dimension of 
m depends upon the value of n . In spite of these
deficiencies and objections, the model has been
successfully applied to many flow systems. References 
include application to axial tube flow and to annular
tube flow by Fredrickson and Bird (31» 32, 33)» to
the analysis of capillary rheometer data by Han, Yu 
and Kim (40), to flow around a sphere by Slattery 
(106), and to porous media flow by Kozicki (59)»
Gregory, Griskey and Siskovic (37» 38, 105)» Christopher 
and Middleman (18, 19). Marshall and Metzner (64),

n -i
(11.10)



10and Harvey (^9). Additional discussion and examples 
of the power law are given by Bird (7).

A simple superposition of the power law and 
Newton's Law of viscosity leads to the widely applied 
three parameter Ellis model, viz.,

-1
All = - [<A+ <ft| M r ;X) I ] ri3 (II U)

The model correctly predicts a constant and finite 
zero shear viscosity. Ellis model solutions to prob
lems including circular tube flow, falling film, 
coating a moving strip, radial annular flow and tan
gential annular flow have been given by Matsuhisa and 
Bird (65)* It has also been used to describe axial 
annular flow (2), circular tube heat transfer (65) 
and packed bed flow by Sadowski and Bird (91. 92).

The Sisko model is closely related to the Ellis 
model and represents another possible superposition of 
the power law and Newton's law of viscosity.

CL£L

?X)=- [ v j 3 | *  ( A ;A ) |  ]  A u  ( I I . M )

Sisko applied the model to a tube flow problem (104).

Neither the Ellis nor the Sisko model correctly 
predicts an upper limiting viscosity observed at high 
shear rates. The more complex Eyring model (36) was



developed based on considerations of the molectilar 
structure of matter. It has been simplified to forms 
including the Powell-Eyring model (83) which correctly 
describes the lower and upper limiting viscosities.

T = -'ij (11.13)

7ir - Aij (II.14)

I X j j ]  slnh-1 [/?|t (A:4)|*]
‘N T la,J fl j i (A;A)| *

Another simplification of the Eyring model results in 
the Sutterby model (113)* rY 1

sinh"1 [/?|i(A:4)|] ]

This model has given better representation of data for 
some fluids than the Ellis model. It has been applied 
to tube flow and to converging section flow (113)-

The Huang generalized equation of state. One 
exception to the generalized Newtonian fluid approach 
to rheological modeling is that developed by C.R. Huang 
(53)* The approach is based on application of the 
general principles of statistical mechanics and ir
reversible thermodynamics through the entropy. Changes 
in the entropy as a result of the stress/strain behavior 
of the fluid are mapped by a molecular arrangement 
parameter. The resulting rheological equations of state 
describe time-dependent and time-independent non- 
Newtonian fluids.



The equation

S  =k. I n Q

12

(11.15)

is a basis of statistical mechanics relating the 
entropy, S  • to the number of micromolecular states 
of an assembly, Q  , through the Boltzmann constant, 
k . For a simple idealized assembly, Q  can be ex

pressed as a function of thermodynamic state variables 
of the assembly. For non-Newtonian fluids, however, 
additional molecular arrangement parameters are required 
to describe the order-disorder transitions which 
occur when the fluid is subjected to shear stress.
The equation for the overall specific entropy change 
due to heat transfer, viscous dissipation and change 
in molecular arrangement is proposed to be

P w = ~  rfci*  r l i # J+

where is "t*16 molecular arrangement parameter of 
the fluid. The rate of entropy generation, , is 
then

• _
where q. is the heat flux vector andT,^ , the
temperature gradient vector.

The forms of the phenomenological equations for



13heat flux, strain rate and molecular arrangement are 
assumed to be

dt

»k (11.18)
43

(11.19)
43i (11.20)

Equations (11.18), (II.19) and (11.20) may be sub
stituted into (11.17) to give

if if 7^1 ( I I - 2 1 )

The two final terms in equation (11.21) are shear
stress related and may be combined to express the
rheological behavior of the fluids

• • • • • •

'jj-i = _ jj JlZ - £ = - 7J (11.22)' '( dt * dt 1 * dt
where the overall apparent viscosity is

77t = 7} + £ J-lj (H.23)
For pseudoplastic fluids such as those considered in 
this study, it is assumed that the molecular arrange
ment parameter changes very rapidly from its equilibrium 
value to a new value J2q when a shear stress is 
applied. The kinetics of the change are given as:
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o £  t <  t0 (11.24)

t0 =S t (11.25)

Integrating equation (11.24) gives:

(11.26)

Combining equations (11.25) and (11.26); noting c^=Cg:

Introducing (11.27) into (11.23)» the overall apparent 
viscosity becomes

Assuming n ■ A = constant, the generalized equation 
for pseudoplastics from (11.22) becomes

Until the present study, tests of this fluid 
model were limited to computer simulation of pseudo
plastic rheograms with arbitrary constants. With such 
data, qualitatively correct agreement with experimental 
flow curves was found.

(11.27)
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Recently, other studies not related to polymer melts 

and blends have successfully used variations of the Huang 
model to represent experimental data. The fluids studied 
included whole human blood (53a, 53t>), latex paint (53c) 
and silicone grease (53d). Thus, the behavior of many 
different and Theologically complex fluids can be re
presented by this powerful model.



Limitations and extensions of the rheological
equations. Several points must be emphasized about 
the rheological equations discussed above. Each in
volves a degree of empiricism in its formulation and 
so is not rigorous. The adjustable parameters of each 
must be determined from experimental data, thereby 
limiting utility to regions near the data base. None 
of the models describes normal stress or time dependent 
effects.

Reviews of some models which describe nonlinear 
viscoelastic effects have been given by Bogue and 
Doughty (12), Metzner, White and Denn (69, 70), and 
Spriggs, Huppler and Bird (111, 112). Alternate forms 
of the Huang model (53)» and functions such as the 
Oldroyd model as simplified by Williams (124), the 
Spriggs and Bird model (ill), the models of Rivlin and 
Ericksen (90), and the Coleman and Noll expression (20) 
address time dependent effects. Application of these 
complex equations to even simple flow geometries results 
in formidable mathematical difficulties. The useful
ness of this group of models is restricted in practical, 
experimental studies. Further development of the 
theories and functional relationships is required before 
they can be applied to problems of the complexity of



porous media flow. 17

Porous Media Flow - Newtonian Fluids
The basic physical relationship governing the flow 

of a viscous fluid through an isotropic, homogenous 
porous medium was deduced experimentally by Henry Darcy 
in 1856 (23). Generalizations and extensions of that 
work constitute the field of porous media flow. Ex
cellent general discussions of relevant background are 
provided by Bear (3). Carman (l6), Collins (21), 
Dallavalle (22), Muscat (75* 76) and Scheidegger (9̂ » 97. 
98) among others. In the brief review which follows, 
Darcy's law is presented and generalized to its pos
sible differential forms. The several types of models 
proposed to functionally define the proportionality 
constant in the law are described. The discussion 
follows primarily the authorative presentations of 
Bear and Scheidegger referenced above.

Darcy's law. The original experiment upon which 
present day porous media theory rests was performed 
by H.P.G. Darcy in 1856. His apparatus consisted of 
a filter bed through which water percolated. Pressure 
drop across a known depth of the homogenous packing 
was measured as a function of flow rate. Darcy deduced
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the following relationship among the variables s

a  » K A r y  (n.30)

The flow was found to be directly proportional to the 
bed cross sectional area A r and pressure gradient.
The proportionality constant depended upon the nature 
of the packed bed and the properties of the fluid.
Many experimental studies of the flow of isothermal, 
incompressible fluids through beds of unconsolidated 
particles of regular geometry have substantiated this 
type of relationship.

The form of Darcy's law in (II.30) is of limited 
utility. First, some statement of the significance 
of the constant K is required. Then, a differential 
form of the law must be developed to allow variations 
in boundary conditions.

For Newtonian fluids, separation of the effects 
due to the porous medium and to the fluid's properties 
can be achieved by redefining the constant K as

K = -jj (11.31)

where k is the permeability of the medium and JL is 
the fluid viscosity. The permeability has fundamental



192units of L . The permeability concept has been found 
to adequately characterize many types of porous media.

Using equation (II.31)• Darcy's law for flow 
through a horizontal bed becomes

* ■ £ ■  - f  (“ ^ 1
where the usual expanded representation of the pressure 
gradient is shown. Two differential forms have been 
suggested which lead to (II.32):

v 0 = - 7 T  ( S p - P s )  (II,33)
and

vn = -  V - ^ +  k/3lL0 *  p. ii

Equation (11.33) introduces a force potential 

0  = gz + ['■p i p
%  p

(H-35)
such that

V0 = - -jp- 2 0  (11.36)
with z as a vertical coordinate. Equation (11.34) 
is a velocity potential of the form



20v0 = - V y  (11.3 8)
While it has not been possible to justify either of 
these forms as fundamentally valid, the force potential 
form, equation (II.36), has come to be generally 
accepted. Derivations by Collins (2l), Hall (39)» 
Hubbert (54), Irmay (56) and Mokadam (72) led to this 
form.

Modeling porous structures. In general, the ap
proaches which have been taken to modeling porous media 
may be divided into three types: viz., geometric 
theories including the capillary and particle models, 
statistical theories and theories in which averaged 
forms of the governing differential equations are devel
oped. Each approach is reviewed below with reference 
to specific studies. Emphasis is placed on the hy
draulic radius capillary models used to characterize 
the flow system of the present study.

Although not directly relevant to the development 
of particular models, studies directed to the deter
mination of the structure of porous media by theoretical 
and analytical methods also contribute to an under
standing of flow phenomena in them. A good general 
review with an extensive bibliography has been given 
by Dullien and Batra (25).



21Geometric theories of porous media. As pointed 
out in the discussion of Darcy's law, the porous 
structure is characterized by the permeability factor, 
k . The drag theory of permeability treats the walls 
of the media pores as resistances to fluid flow (96).
The drag of each obstacle in the field of flow is esti
mated from the Navier-Stokes equations and the total 
resistance is the sum of the individual contributions.
The drag theory is the basis of work by Brinkman (1*0, 
Iberall (55). Mott (73) and more recently by Brenner (13). 
Dullien (26, 27) and LeClair (6l, 62).

Brinkman perceived a packed bed as an assemblage 
of particles held in place by external forces and 
exerting a damping force on the flowing fluid. The 
total force acting on a volume element of fluid was 
given by the sum of the shearing and normal stresses 
through the Navier-Stokes equation and a damping force 
related to the fluid velocity and viscosity. A perme
ability expression was developed as

Iberall dealt with a random distribution of cir
cular cylinder fibers, approximating the total drag 
force as the sum of individual element contributions.

k (11.39)
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fibers were ignored. Creeping flow Reynolds number was 
assumed. An expression for pressure gradient was de
veloped which, when compared to Darcy's law, gave for 
permeabilitys

*  =  4* ^i6 i - e

2 _ I DPV0 P  1
2 ° - 1 " I u e  I (II.40)4 - In f DdM) P )

L ' l i e  1
Brenner assumed a spacially periodic porous medium 

consisting of an array of unit cells, each containing 
one or more particles of arbitrary shape. He analyzed 
the model in terms of both the drag forces parallel 
to the stream velocity and the lateral forces at right 
angles to a settling particle. The extension of this 
analysis to creeping flow in porous media led to a 
symmetric permeability tensor with non-zero diagonal 
components of the form:

k13= *<5i3 <»•■»>
for an isotropic medium.

These approaches are representative of drag theory 
geometric modeling.

Capillary models of porous media have been more 
extensively investigated than any other representation. 
The success of numerous investigators in correlating
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experimental data accounts for the attention given these 
models. Again, the i960 review by Scheidegger (97) 
serves as an authorative guide to early basic develop
ments .

The simplest capillary picture of a packed bed is 
that of a bundle of straight, parallel tubes. Com
parison of the Hagan-Poiseuille and Darcy expressions
for flow leads to a permeability of 

-2
k = ^ P (11.42)
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where D is "the single capillary average diameter. 
Replacement of the numerical factor "32” by a tortuosity 
term T and the capillary diameter by a specific 
surface area S gives a modified permeability

k = C (II.*3)T2s2
Such expressions are poor representations of what is 
observed experimentally.

Arranging the capillaries in each of the three 
principle directions (thereby lowering the permeability 
by a factor of three) results in an expression not 
significantly better than (11.42).

Inherent in all variations of the capillary tube
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models is the assumption that each capillary is a
direct path through the porous medium. Obviously, this
is not a realistic picture. At the other extreme, it
is assumed that all the capillaries are in series,
forming a tortuous channel the entire length of which
is traversed by each fluid element. The permeability
expression under this assumption is

=  2
k = - W  jT- (II’W )

Scheidegger suggested that the capillary tubes 
could be better described in terms of a distribution 
« ( d ) of variable diameter (95)• The resulting ex
pression for permeability was

‘ ' 5 ^  j R i W j
This differs from the other values of k discussed 
in that average pore diameter has a specific meaning:

_2   ---------d = 2 _ »_\ 2 r°°aiDi _  ( n . w

In summary, the simpler of the capillary models 
are inadequate to describe real systems. The more 
complex models containing a tortuosity factor can be 
forced to fit any porous structure, but do not con
tribute to a satisfactory understanding of the pheno
mena involved.
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Extension of capillaric modeling to a more real

istic description of pore geometry is possible through 
the concept of hydraulic radius. From the theory of 
flow through non-circular channels, hydraulic radius 
is defined as the ratio of conduit volume to wetted 
surface area, having the units of length. For porous 
media, it may be regarded as a length characteristic 
of the complex passages of the matrix. Since perme
ability has units of length squared, it is taken as 
proportional to the square of hydraulic radius. In 
general, permeability is also related to a shape factor 

f(s) and to a porosity factor f(6)«

Investigators have sought to give meaning to the 
shape and porosity factors (4). One of the most widely 
accepted developments is that traced to work conducted 
between 1922 and 1957 by Blake (11), Kozeny (58), Carman 
(15• 16), Ergun (28), Fair and Hatch (29), Leva (63) 
and Wyllie (126). By solving the Navier-Stokes equation 
for all channels passing through a cross section normal 
to the flow direction, Kozeny obtained a Darcy law 
form

k - f(s)f(6) R2 (11.47)

Q (11.48)
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Thus

c e 3
k = — --- (II.W

S 2
The Kozeny constant, Cq , is a function of channel cross 
section shape. Further, the specific surface may be 
expressed per unit volume of solid, S q , rather than 
per unit volume of porous medium, S , through the 
porosity :

s = s0 | i -e )  (n.50)

Then
c 0 e 3

k = s I (1 - e ]2 ( I I ' 5 l )

For spheres 
6

D = —  (II.52)P 2>o
Thus

2 3c D fk = -a-B- j -7 2 (11.53)
36 |i-e)

Various values assigned to cQ lead to numerically 
different permeabilities of the form:

dS e 3k = -=2- t— — , , (11.54)c ( i -e ) 2

It is further possible to incorporate a tortuosity 
factor into the constant c , but the form of (II.5*0 is
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not changed. This expression for the permeability 
is the well known Blake-Kozeny-Carman equation.

A great many investigators using various media and 
fluids have tested this form of permeability expres
sion. Scheidegger discusses a number of these studies. 
For non-spherical systems, still further improvements 
in the model are required (89). In general, the shape 
and tortuosity factors are ill defined and cannot be 
tested independently. Thus, the overall constant, c , 
in equation (11.5*0 is treated as an adjustable para
meter, lacking any unambiguous physical significance.
The justification for such an approach is the success 
which has been achieved in correlating flow data from 
many systems.

Statistical theories of porous media. The appeal 
of a statistical mechanical treatment of porous media 
flow is that the random disordered nature of such 
systems need not be compromised to apply the techniques. 
In the geometric theories, simplified ordered models 
were constructed to keep the resulting mathematical 
expressions simple enough to be solved analytically. 
Adjustable parameters were added to achieve agreement 
with experiment.
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Reviews of statistical treatments for porous media 

are given "by Bear (5) and Scheidegger (97) • Specific 
reference may he made to the theories advanced by 
Aranow (l), De Jong (2*0, Haring and Greenkom (48), 
Pakula (78) and Scheidegger (99* 100) as representative 
of this approach.

Fundamental to the statistical theories is a 
third factor, the dispersivity, in addition to the 
shape and porosity factors discussed previously. 
Dispersivity may be regarded as a measure of the side
ways dispersion which a stream of fluid undergoes in 
flowing through a packed bed. In Scheidegger*s treat
ment, the differential equations of flow are formulated 
in terms of the probability distribution of an ele
mentary fluid displacement vector. The permeability 
expression

k = b cos2 6 (II.55)

results, where b is a factor related to the reciprocal 
of the flow resistance of a pore and 0 is the angle 
between the displacement vector and pressure gradient. 
The exercise leads to a modified Darcy's law.

Alternatively, the randomness may be attributed 
to the medium and models such as that proposed by
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Haring and Greenkorn may be formulated. Their model 
of the medium is of ramdomly ordered cylindrical pores 
of variable length and radius distributed according to 
the beta function. The permeability expression developed 
is

where a and b are parameters of the radius distri
bution, R is the largest pore radius and 6 is the 
porosity. Dispersivity coefficients in the longitu
dinal and transverse directions are also developed.

These and other statistical approaches, while quite 
successful in describing general flow characteristics, 
have not been effectively applied to practical data 
analysis. As with some geometrical theories, the 
complexity of the mathematics developed in statistical 
analyses presently limits the utility of this approach.

Averaged equation theories of porous media. The 
most rigorous, if least studied, approach to modeling 
porous media is the development of correct averaged 
forms of the governing differential equations. Since 
this technique leads to generalized equations, results 
should be in accord with any geometric or statistical 
development.

k? R2 (a+2) (a + b + 2)
Zh (a+b + 3) (a + 1) (11.56)



References to this averaged differential equation 
technique include work by Payatakes (80), Slattery 
(108, 109, 110) and Whitaker (121, 17). In his study, 
Whitaker proposed a skewed capillary model and devel
oped a permeability tensor of the form

Kli= (H-57)

where the B tensor is a polynomial function defining 
the magnitude of a general orientation vector and A 
is the unit orientation vector. Description of ortho
tropic materials requires a symmetric second order 
tensor.

The complexity of the averaged equation theories 
is immediately evident. Correlative forms of these 
equations have not been developed. Thus, data analysis 
is not possible with this powerful, but mathematically 
limiting method.

Porous Media Flow - Non-Newtonian Fluids
As late as I960 there were no published reports 

of the flow of non-Newtonian fluids in porous media. 
Extensive work on non-Newtonian flow in other systems 
was in the literature, but packed bed flow studies were 
limited to Newtonian fluids. Then, beginning with the
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work of Sadowski and Bird in 1963 (91, 92), interest 
in the theoretical and experimental aspects of non- 
Newtonian porous media flow quickened.

Several approaches to describing such flow have 
been forwarded. An excellent review of these given by 
Savins in 1969 is abstracted here to provide a basis 
for the present theoretical development (93)*

Scheidegger was apparently the first to suggest 
that a capillary model and a generalized Newtonian 
rheological equation could be combined to describe non- 
Newtonian flow in a porous medium (97)* The hydraulic 
radius approach was illustrated for one dimensional 
flow of a power law fluid in a packed bed by Bird (10). 
Subsequently, modifications of this development were 
utilized by Christopher and Middleman (18, 19), Giatonde 
and Middleman (35), Marshall and Metzner (6*0, Payne 
and Parker (8l), Wampler and Gregory (119)» Wissler 
(125) and Siskovic, et al (105)•

The work of Sadowski extended Scheidegger's concept 
to the more complex Ellis equation of state (91, 92). 
Gregory provided the first study of melt flow (poly
ethylene) and used the Mooney-Rabinowitsch rheological 
model to describe the melt behavior. Recently, Park,
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et al successfully described packed bed flow of aqueous 
poly(methyl cellulose) using a Hershel-Bulkley fluid 
model (79)-

Details of the application of the hydraulic radius 
approach to the description of packed bed flow will be 
covered as part of the present theoretical development.
In principle, the method is similar to those referenced 
above.

Another way of describing porous media flow in
volves direct adaptation of Darcy's law to non-Newtonian 
flow without using a particular rheological model.
The rheological description must then be derived from 
viscometric and packed bed data. McKinley, et al (68) 
and Kozicki, et al (59) have used this technique. 
McKinley, studying flow in underground reservoirs, 
replaced the porous medium with a capillary of equiva
lent radius proportional to the square root of the 
ratio of permeability to porosity. The proportionality 
constant was determined from a capillary rheogram and 
porous media flow data for a specific bed. In principle, 
this single determination should allow prediction of 
non-Newtonian flow in the same type of medium regard
less of porosity or permeability. The study by Kozicki
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attributed to an anisotropic layer of fluid particles 
on the medium surface.

Dimensional analysis has been applied by Slattery 
to the flow of an arbitrary viscoelastic fluid in 
porous media (107, 108). This treatment involved a 
tensorial description of an incompressible, simple fluid 
having a characteristic time and viscosity. Marshall 
and Metzner observed anomalous behavior in the flow of 
several polymer solutions through a sintered bronze 
disk (6*0 . They attributed departure of the Deborah 
number from expected behavior to viscoelastic effects. 
Wissler proposed a correction factor for these effects 
which successfully explained the Marshall and Metzner 
results (125)*

Still other correlation methods and systems have 
been used such as that by Hassell and Bondi who es
timated shear rate in rubber cements, then entered 
corresponding capillary stress and shear rate data 
directly into a friction factor - Reynolds number 
expression (50). White applied the power law form of 
Darcy's law to the equation of continuity giving 
differential equations linking pressure distribution 
and the stream function (122). Additional insight into
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the variety of related problems may be gained by con
sulting Herzig, et al (51), Payne and Parker (8l), and 
Volssoughi and Seyer (118).

Generalized Darcy’s law. Of the approaches briefly 
reviewed above, the coupling of a suitable rheological 
equation of state with a capillary form of porous medium 
model to give a generalized Darcy's law is the most 
successful technique for representing experimental data. 
In most cases, a packed bed friction factor is cal
culated and plotted against an effective Reynolds 
number in accordance with the usual practice of cor
relating flow data in other geometries. Using this 
approach, a new friction factor - Reynolds number 
relationship is developed for the Huang generalized 
equation of state.

The shear stress distribution and volumetric flow 
rate of a fluid in a tube of regular cross section are 
given by Bird as (8):

(11.58)

(11.59)

From (11.58):

r R  "  ( f f ) R  ®  r =  R
(11.60)
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Thus

Trz= Tp (~p ) (11.61)
The Huang generalized equation of state for pseudo
plastics was given previously as

t())] t 11 (II.29)

For isothermal, incompressible flow in a tube, this
?V | d V  1= I-  Zl
rz 1 dr 1

Trz= A 7rz + B / r"«?>(-C7r?) (11.62)
where the constants A  , B , C , and n have
been substituted for the original parameters in (11.29).
Equating (II.6l) and (11.62) gives

r =  (ii,63)

From (11.59)
r R Va / 2*Q. = 2 7T / ----  d(r ) (11.610
■JO 2

Integration by parts follows t

a = r r [ V/ / 2 l o  _7r/ o R r 2 d V '

= - 7T [ R L  H z  d(r3)
Jo 3 dr

R 2 d\/* ^r  LZ dr
0 dr
R
0 3 dr



a  = —
.r.

/  7rz d(r3)
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(11.65)

A second application of integration by parts gives:
iR7TGt = — dVz r.3

dr

=  _7T
3 ^ R r3“ /0 r3 dtz] (11.66)

Combining (II.63) and (II.66) and inserting proper 
limits of integration:

P rt
'R

AB2̂ Ixp (-2C/rnz ) + B37̂ exp (-X^jdt

Gt = n
3 

+ 3 (II.6?)

The first of the four terms in brackets in (II.67) 
may readily be integrated:

a 3 / ^  X l  dt z  = V -  (11.68)*1- *R
A transformation of variable is performed on each of 
the three remaining terms to be integrated of the form

= y (11.69)

Correspondence between this form and the terms to be 
integrated is as follows:
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C 2 /yJlthird term: Cj x a«C> 2 C j)vz (11.71)
Co " nfourth term: Cj x **0 3 C 9TZ (11.72)

After substituting and rearranging variables, the 
following transformed integrals are obtained:

3A2B
n

_tn+ 3)
H  n /  exp|-yj yl^) dy

dy (ii.74)

. ,3Jl±i r3cjn f3n+H
~ ( t t )  n /0 n * d* (II-75)

From Abramowitz and Stegun (46), the gamma function
is defined to be of the form

z
Ha,z)= exp(-t] ta_1 dt (II.76)

Each of the transformed integrals (11.73)* (11.74) 
and (11.75) is the same form as the gamma function.
The same reference (47) defines the probability function

“^ a,Z- a Ppr*] = i - G t f — ) (11.77)r  (a) I V I  1 v  I
If = 2a 2 X  = 2z

If (11.73)* (11-74) and (11.75) are each compared in
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turn with (II.76) and (11.77). a further set of cor
responding terms is developed, viz, 
second term:

a = "-±2., . = y ® ( 7 rz= 7 R )= c £

t = y, , X 2 =2C%

third term:
a = ^ ' z = y ° ( t ^ R ) = 2c7Rn

t = yi I) = 2|— -̂) ! X 2 =,*C7p
fourth term:

a = ^ r L ' , e 3 * f t « a,7 ’R ) * c 7 r

t = y. y = 2p-±i] , X2 =6C7R
With appropriate substitutions of (II.78) into (11.73), 
(11.79) into (11.74) and (11.80) into (11.75), the 
final form of the integrated expressions is obtained 
in terms of real parameters as:

(11.81)

(11.82)

(11.83)
Equation (11.68) for volumetric flow becomes:n + 3

(11.78)

(11.79)

(11.80)
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The average velocity for tube flow is (8)*
Q

TC R ‘

(11.84)

[2TT[ " r  drd0
Jo Jo

For packed bed flow the commonly accepted Dupuit- 
Forscheimer assumption is (94) :

(11.85)

v0= <v>e (11.86)

relating superficial and average pore velocities. 
Following Bird (10), capillary and packed bed parame
ters may be related through the hydraulic radius:

R = 2R h (11.87)

Rh = €_
S

Then
s= sb(i-e)

defines a specific surface area Sq » and

° > - - k

(11.88)

(11.89)

(11.90)
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defines a mean particle diameter Dp , (exact for 
spheres). Combining equations (11.84) through (II.90), 
the expression for superficial velocity through the 
packed bed becomes s

3 .4

+

Use of T.

9 U £ ) |

3 A2B n l - r ]

n+3
n

3AB? 2n+2
1 nn I 2CJ

B3 . 1..]3n+inn I3 cl

r 3Rh •xRh

and J
(IX.91)

acknowledges substitution of theR h  ?Rh
hydraulic radius as an effective radius of the pores 
in the packed bed. Further, from (11.60),

rR h  “

A P
R h = A P ■B- (11.92)

L n L 6 u - e

Equations (II.91) and (11.92) can be combined to give 
a form corresponding to a generalized Darcy's law, i.e,

k A PVo = (11.93)
n etf l

which is analogous to (11.32) with the Newtonian 
viscosity replaced by an effective viscosity. The com
plete expression is



The term

+

n
B
n

/
<11.9*0

is the same form as the Blake-Kozeny-Carman permea
bility relationship presented earlier as (II. 5*0* In 
practice, the factor c or 5^ is adjusted to give 
agreement with experimental data.

The classical method of correlating tube flow 
data is through the dimensionless groupings friction 
factor and Reynolds number. As shown by Bird (9). 
the friction factor for tube flow is

Again applying equations (11.86) through (II.90), the 
analogous packed bed friction factor is

f l i  - A n
lJ *p<v>2 (11.95)
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3
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Combining equations (11.5*0» (11.93) and (II.96) and 
rearranging leads to an expression proposed by Ergun 
(28) in 1952, based upon the dimensionless groupings 
obtained by Blake in 1922 (11)t

*4-2
(II.96)

f* =  i  A S .  l pvt i-e = c eff (II.97)L D p V o P
The right side of (11.97) is of the form of a modified 
Reynolds number, differing from (II.96) only in that 
the numerical factor ~  has been lumped with the 
empirical constant c Thus

* f =
Nre,eff

where by comparing (11.93) and (11.9*4-) it is evident 
that 7?eff in N re  eff is given by

3

(11.98)

A
(11.99)
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results, the equations developed above may be used to 
analyze packed bed flow data for any system of known 
rheological behavior. Deviations from predicted 
packed bed flow behavior (excluding experimental error) 
may be attributed to various effects related to the 
complex geometry of the porous medium and to unaccounted 
viscoelastic fluid properties.

Rheological Behavior of Melt Blends
One of the principle differences between this and 

and previous porous media flow studies is the inclusion 
of three blends of the two polymers being investigated 
into the experimental plan. No other comparable study 
is known. An opportunity is thus afforded to learn 
whether polymer blends exhibit unusual behavior in 
both pure shear fields (the rheometer) and in the 
complex flow geometry of the packed bed. Further, 
the dependent variables (shear stress and pressure drop) 
may be determined as a function of composition for the 
system studied.

The literature on polyblends is extensive and was 
not exhaustively reviewed for this study. Only those 
papers of direct relevance by virtue of involving 
related systems or using pertinent analysis techniques



44
are considered.

Helpful general discussions of the whole field 
of polyblends have been provided by Platzer (82) and 
by Yu (7*0. With a simple yet convincing argument, Yu 
reviewed the basic requirements of compatibility in 
a thermodynamic sense and concluded that all polymer 
blends must be inhomogenous at some scale of examin
ation greater than the moleculer level. He further 
highlighted the problem of defining the degree of 
compatibility of a polyblend since in some systems it 
may behave as a single phase when in fact heterogeneity 
exists at some micro scale.

Studies of specific blend systems have been made 
by Han (40 through 45). Noel and Carley (77), Hill and 
Maxwell (52), Seymour (101), Sieglaff (102, 103) and 
VanOene (116). Sieglaff studied the viscous and elastic 
behavior of poly(vinyl chloride) modified by various 
low molecular weight plasticizers. Viscosity reduction 
was observed in capillary rheometer data for some 
additives, but no evidence of two phase phenomena was 
noted.

A study more directly relevant to the present work 
was that by Hill and Maxwell at Princeton University.
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They determined the dynamic mechanical response of two 
component blends of polyethylene, polystyrene and 
poly(methyl methacrylate) using an orthogonal rheometer. 
Measurements of the out-of-phase modulus (simply 
related to the shear viscosity at low frequency and 
shear rate) and the in-phase modulus (related to elastic 
behavior) for PMMA/PS blends were reported. The out- 
of-phase modulus varied smoothly as a function of com
position, showing no evidence of phase separation or 
inversion. The in-phase modulus showed a maximum at 
about 50/50 PMMA/PS, and the relaxation spectrum was 
shifted with respect to a theoretical spectrum. This 
effect was attributed to slight solubility of one 
polymer in the other.

Han has used a sophisticated capillary rheometer 
(40) coupled with photomicroscopy to examine blend 
systems including high/low density polyethylenes, 
polystyrene/polypropylene, polystyrene/polyethylene 
and the same polystyrene/poly(methyl methacrylate) 
polymers used in this work. In a much higher shear rate 
range than that explored by Hill and Maxwell, Han found 
broad, distinct minima in the viscosity of PS/PE and 
PS/PP blends as a function of composition. Capillary 
exit pressure (a measure of elastic behavior) showed 
a single maximum and minimum for PS/PE and a double
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maximum, single minimum for PS/PP. Micrographs showed 
the distinct phases of the two components in each case, 
hut no evidence of phase inversion (continuous to 
dispersed or vice-versa) at any composition.

As an extension of the Weissenberg cone and plate 
data generated for this study, Han characterized the 
same PS/PMMA blends in the capillary rheometer. Shear 
and normal stress results over a total four decade 
range of shear rate are in excellent agreement (45)•

VanOene (ll6) has shown that for PS/PMMA blends, 
polystyrene is the continuous phase.

To summarize, viscometric studies of various 
polymer blend systems generally confirm the incompa
tibility of polymers. Some examples of unexpected 
behavior have been observed, but no consistent pattern 
of deviation from normal single phase behavior has been 
ascertained. It is evident that studies of polyblends 
in a variety of flow geometries will be necessary to 
fill the gaps in the existing information base.



CHAPTER III. RHEOLOGICAL EXPERIMENTS
^7

As reviewed above, the method of analysis of this 
study required coupling a rheological model for the 
fluids with a model for the porous medium. In order to 
test the theoretical development made by this approach, 
both reliable viscometric data and packed bed flow data 
were required. The testing instrument used in the 
study was a modified Roberts-Weissenberg Model 18 rheo- 
goniometer. In the following sections, the polymers 
and blends are described, sample preparation is dis
cussed, the experimental procedure is reviewed and the 
rheological data are fitted to several equations of 
state including the power law, Ellis and Huang models.

Description of the Polymers
Several factors affected the choice of materials 

for study. Chief among these was the desire to use 
polymers of commercial significance which would normally 
be processed in full scale extrusion equipment of the 
type to be described. Polymers of general interest, the 
rheology of which had been characterized in other sys
tems, were sought. Discussions of polymers and polymer 
processing by McKelvey (66), Middleman (71)» Bernhardt 
(84-), Eirich (86, 88), Kwei (60), Tobolsky (11^, 115) 
and VanOene (116) among others were consulted. Certain
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similarities of the polymers seemed desirable such as 
crystallinity, melt viscosity, solubility and melt pro
cessing conditions, to assure the feasibility of blend
ing. Comparable melt temperatures and flow indices 
would minimize the possibility of channeling in the 
packed bed tests. Finally, since the experimental pro
gram required several thousand pounds of each polymer, 
cost and availability was a factor.

These requirements narrowed the materials of choice 
to five; i.e., polyethylene, polypropylene, poly
ethylene terephthalate), polystyrene and poly(methyl 
methacrylate). PET was eliminated based upon its 
sensitivity to moisture in melt processing which re
quires sophisticated screws and vacuum degassing (123)- 
Sample quantities of various grades of the other can
didates were procured, blended either as pellets or 
ground, and pressed into sheets in a laboratory press. 
Ease of fabrication and visual uniformity were noted.

Ultimately, specific commercial grades of poly
styrene and poly(methyl methacrylate) were selected 
for study. These gave the most uniform pressed sheets, 
were least sensitive to melt temperature conditions, 
were both amorphous polymers, and were available at 
comparable melt indices.
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Polystyrene. Polystyrene (PS) Is a linear, amor

phous, thermoplastic polymer formed by the peroxide - 
catalyzed free radical polymerization of styrene mono
mer. The structure of the polymer may be represented

Polystyrene is clear, transparent and reasonably ther
mally stable. Commercial polymer grades are atactic.

Typically, pure styrene monomer is prepolymerized 
in a stirred vessel with a peroxide initiator to a 
solution containing about polymer. The viscous 
syrup is transferred to the top of a cylindrical tower 
where polymerization is completed through an increasing 
temperature gradient to the bottom of the tower where 
molten polymer is fed to the extrusion, cooling and 
chopping operations. In addition to pure styrene polymer, 
many derivatives including acrylonitrile-butadiene- 
styrene (ABS) and styrene-butadiene-rubber (SBR) resins 
are prepared. Uses include packaging, appliances, toys, 
lighting fixtures and others.

as

General properties of polystyrene are summarized 
in Table I. The commercial polymer used in this study
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was manufactured by The Dow Chemical Company and des-®ignated as Styron 678. This material is referred to 
hereafter as PS-678. Resin properties of commercial 
significance are summarized in Table II. This molding 
compound was supplied as one eighth inch pellets.

Poly(methyl methacrylate). Poly(methyl metha
crylate) (PMMA) is likewise a linear, amorphous, thermo
plastic polymer noted for its optical clarity and resis
tance to weathering and ultraviolet degradation. The 
polymer structure may be represented as

H CH-, H CH-jI I 3 | I 3c -- c ----  c — c---I I  1 1  H OsCOCH^ H 0=C0CHy

Commercial preparation is by bulk or suspension poly
merization of methyl methacrylate monomer. Suspension 
polymerization is often preferred when possible (as 
for molding powders) since the reaction is highly exo
thermic and difficult to control in bulk. Typical com
mercial polymer is 70 to 75% syndlotactic. PMMA is 
clear, transparent and offers better impact strength 
than polystyrene. Sheets, rods, tubes and molded parts 
are usual product forms. Applications include auto
motive lenses and signs where outdoor exposure is re
quired, as well as jewelry and decorative objects.
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Table I

Physical Properties of PS and PMMA

Poly(methyl-
Property Polystyrene methacrylate)
Structure (4) -[-CHg-CHfCgHg)-}- -[-CH2-C(COCH3)-]-

Specific Gravity 
(1. 2)

1.04-1. 09 1.17-1.20

Clarity (2) Transparent Transparent
Tacticity (1) Atactic 70-75#Syndlotactic
Melt Transition,“K 

(2, 3)
378 433

Glass Transition,°K 
(2, 3)

354, 373 408

Solubility Parameter 
(cal/crn-̂ )2 (l)

8.6 9.1

Heat Deflection
.. _ _

220 155-210
Temperature, P 
@ 264 psi (1)

Sources«
1. Billmeyer, F.W., Textbook of Polymer Science. New

York* John Wiley and Sons, Inc., 2nd ed., 1971» 
pp. 25. 230, 4o4-4l4, 50^,506.

2* Polymer Handbook, J. Brandrup and E.H. Immergut (eds.)New York1 John Wiley and Sons, Inc., 1966.
3* Rheology - Theory and Applications - Volume 1_, F.B.

Eirich (ed.), New Yorki Academic Press, 19^9»
P. 453.

4. Ibid., Volume 2, pp. 172-174.



Table II
Commercial Specifications of PS-678 and PMMA-VM
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Property 
Lot Nos.

Specific Gravity
Deflection Temperature 

® 264 psi?F
Vicat Softening Point

°F
Melt Viscosity, poise 
Melt Index, g/lOmin 
Flow Temperature, °F 
Processing 
Form

PS-678
FK 01105 FF 10912

1.04
177

19^

800
18.0

Injection 
X. "pellets

PMMA-VM
7-111037-11112
7-15196
1.18
182

190

15.0
284
Injection
JL "pellets
8

Data from respective product specification brochures 
for Styrorf®678, The Dow Chemical Company and 
Plexigla^VM, Rohm and Haas Company.



The properties of PMMA are given in Table I. A 
Rohm and Haas Company acrylic molding powder designated 
Plexiglas VM was used in this study. This material is 
referred to as PMMA-VM. Significant commercial pro
cessing properties are given in Table II. As with the 
PS-678, the molding powder was supplied as one eighth 
inch pellets.

The similarities of the two polymers are readily 
apparent in Tables I and II. Thermal transitions, 
solubility parameters, non-crystalline structure, carbon 
backbone, product form and recommended uses are all sim
ilar for the two materials. While no quantitative 
measure of compatibility was attempted, the uniform, 
homogenous visual appearance of the melt blends 
qualitatively confirmed that the polymers were of a 
common type.

Before use in either the rheogoniometer or packed 
bed tests, the polymers were blended (if required) and 
dried for a minimum of two hours at 85 °C under 45 mm 
of mercury vacuum in a Patterson-Kelly "V" type blender. 
Approximately 150 pounds of the molding powder could 
be dried in a batch. The dried and blended materials 
were stored in plastic bags in sealed cans prior to 
use. No evidence of bubbles or other moisture-related



problems was observed in the melts. The further pre
paration of samples for use in the rheometer tests is 
described below.

Equipment and Procedures
Preparation of thin sheets of the polymers in a 

laboratory hydraulic press as samples for the rheo
logical testing is described below. The modified Model 
R-18 instrument and the experimental procedure are 
briefly reviewed.

Small quantities of the previously dried pure 
polymers were separately ground in a Wiley mill with 
dry ice to prevent softening due to the heat generated. 
Several sieve fractions of each polymer were collected. 
The finest fraction passed through a No. 30 sieve using 
a Tyler Ro-Tap shaker. Maximum particle size for this 
fraction was 595 microns. This fraction was vacuum 
dried and blended as appropriate to press into sheets.

The Carver press plate apparatus used to prepare 
the samples is shown in Appendix Figure B-l. Briefly, 
the resin powder was placed between two polished 
nickel-plated press plates separated by a copper shim. 
This sandwich was heated to 190 to 200°C and pressed 
up to 10,000 psig between the platens of the Carver



press. After cooling under pressure, a uniform, bubble- 
free sheet five inches square and 0.030 inches thick 
was obtained. One inch diameter disks were punched 
from the sheets and stored in a desiccator prior to 
testing.

The theory and practice of rheological charac
terization using the Roberts-Weissenberg cone and plate 
rheogoniometer are well documented. References include 
work by Fredrickson (3*0 » Jobling (57)» McKennell (67) > 
Eirich (87), Van Wazer (117) and Weissenberg (120).
The particular instrument used for this study was equip
ped with a heated, inert gas-purged chamber surrounding 
the cone and plate to allow testing in the melt. The 
upper cone was heated and thermostated. Temperature 
could be maintained within *1°C of a target value 
during a test.

A glass port was provided so that the sample was
observable throughout testing. Breakup at high shear

— 1rates (^20 sec ) was thus visually indicated by a 
distorted edge appearance as well as by erratic de
flection readings. In general, shear rates from about 
0.002 to 20 sec were scanned in geometric doubling 
steps. Stepwise changes in shear rate were set by a 
gearbox driven by a constant speed DC motor. Complete
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specifications for the rheogoniometer are given in 
Appendix Table B-I.

Results and Analysis
The experimental plan for the rheogoniometer tests 

is presented in Table III. The two pure polymers plus 
3*1 and 111 blends of each with the other were tested 
over a four decade range of shear rate at 180 to 220®C 
in 10 degree Increments. Three separate tests of each 
blend/temperature combination were conducted. Both 
shear and normal stress measurements were taken. The 
normal force results are included in the complete data 
summary in Appendix D, but do not otherwise appear in the 
text or analysis. Due to the large volume of data, 
only the average of the three replicates of each blend/ 
temperature is tabulated. The relationships for cal
culating shear rate and shear and normal stresses from 
the rheogoniometer readings are given in Appendix 
Table B-I.

Figures 1, 2^and 3 show typical T versus If curves 
for pure PMMA-VM, 50/50 PMMA/PS and pure PS-678, re
spectively. The non-Newtonian behavior of each material 
is evident. Further, the blend follows the same pat
tern as the pure polymers. Dashed extensions are based 
on Huang model fit of the data.



Table III 
Rheological Experiments

57

Materialsi

Temperature,°C t

Shear Hate, sec"'1’ : 

Reprodue i bili ty j

Responsesi

100# PMMA-VM 
100# PS-6?8 
75/25 PMMA/PS 
50/50 PMMA/PS 
25/75 PMMA/PS
180
190
200
210
220

0.002 to 20

Three replicates per 
experimental condition

Load cell deflections 
corresponding to shear 
and normal stresses
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Figure 1
Rheogoniometer Results for 100# PMMA-VM
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Figure 2
Rheogoniometer Results for 50/50 PMMA/PS
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Figure 3
Rheogoniometer Results for 100# PS-678

10'

CVleoN<Dc

to
tod)U-pco
aJ<0sim

10'

10-

10

10'

10'

10J

y V
S ,

•y  / V  
/  s / s

t. °c y

// S /  /.•
/ / / / /'

iso//
190 /200 • y  
210 •/,

v //
V

220 /

10-3 10 -2 10-1 100 10J 10'
Shear Rate, sec-1



61
Figure 1} Is a cross plot of T  on temperature at 

*

several values of ^  for 50/50 PMMA/PS. As shear rate 
Increased, the effect of temperature on shear stress 
was proportionately less.

Figure 5 Is yet another type of plot in which the 
effect of blend composition on shear stress is shown at 
a constant temperature (200°C) for several shear rates.
In spite of the attempt to match the rheological be
havior of the two polymers, the PMMA-VM exhibited 
significantly higher stress at a given temperature and 
shear rate than the PS-6?8. Further, the blends did not 
fall linearly between the two pure components. The 
PS-678 had a disproportionate effect in stress reduction 
for a given concentration. Related behavior in the 
packed bed will be highlighted in Chapter IV.

The data were fitted to several of the rheological 
models including the power law, Ellis and Huang equations. 
Parameters for the Ellis and Huang models are summarized 
in Tables IV and V, respectively. For the Ellis equation 
the parameters correspond to an alternate form of 
(11.11) { i.e.,
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Figure 4
Effect of Temperature on Shear Stress
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Figure 5
Effect of Material Composition on Shear Stress

10

10

0
<DC
■ti
a 10 (0 a) u
•pto
1 10■C

10

10
PMMA 75/25 50/50 25/ 75 PS

Material Composition

200 C Ternperature

f. see""*

. 676)

21.3

f

.0426

a. 1
►

<
>

»
1

, 0027,
— <

1 — —



CD r—I 
X IasEh

wEh
<u
•pa)
§
sPh
£o
fH
-Pa)
o '
W

a!
o
■rHhO
Oi—Io
0)

o
o

a>Eh
3

•P
as
fH
CD

CD
Eh

O
On1-H

O  O  NO 
O  O  J *  CO o

•  CM 
O n no

O O O O 00 ON
CO
CM

O
-d-

*  CMoo
o

o  o  
o  o

CO
•k »

O n CM 
On CO 

-3-

O n
CO

CM

CO
-S '

o  o  o o
CV. NO 

*  » CMts oo
NO J j-

o  o  o
O  O  COco co •

“ CM
IN- On 
CM CM

O  O  rH  O O T—I 
CO ON • 

“ CM

O  O  NO O O t-H 
NO rH

•  CM 
rH -4"
CM O

O O O 
O  O  IS 
ON o  

“  “ CNJ 
NO -ifr 
t-H CM

o
ooo

o
o
CM

NO
CM

-3- CM 
NO 1S-

“  «  CM
-3-
CO

NO
o

o  o  
o  o  00 -3-

•k »
IS  -3- 
CM CO

oo

CV

o O o o oo O O On O o CN- O O NOo O CO o o -3- o O -3" o o -4- O O OOo VO • NO • CM NO • CO CO • On VO •o n Ck CM “ CM «k » CM ■k » CM * «k CMo On NO -d- CM 00 CS CO IS VOCM O 00 CO -3- On o VO CM i } - co
CM -3- rH rH tH rH rH

o  o  
o  o
ON CM

» «k
00 o  
On CO 
-3-

o
o
o

VO
CM

CM

O
J -

O O O O 
NO -cj-

CO
NO

“  « C M!S

O  O  O O 
On n o

rH 00
IS  CM

CO
CS
CNJ

oo
IS

ooCM -3-
ON
ON

“  “ CMISo ooo

o o o o
rH  i s  

“  “  CM
O  ON 
On CM

VO CO rH H rH H rH rH

o H o o rH o o CM o o IS O o (So o o IS o o VO o o NO O o rHo • -3- • CO -d - • o O n • CM ON •
CM ■k •l CM •> CM *- •k CM «k CO

-3- CO oo IS IS CM NO CMo T—1 CO VO rH CO CO CM VO
NO rH -=J- rH CM rH CM rH

6**-

m

H
W

fna>-p
CD

§
a!

P h

O  H|N O  rH|N O  H)01prv-CJ CJ Pi-B °  H|C»pr V-tf

rHOS
•H
fH(D
-P

I
-P
CQCDEh

oois
NO

ICO
Ph

VIoo



CDrH
X I
asEh

m
fHa)

-p
<ds
8Ph
CO•H■Pcd33W
i—Iaso
•HhDO
rHO
a)

?§

to
§
l§

oa
<DfHP

■P
as
fH
CD

a)
Eh

ooftird O  O  CP On O  O  o  VP O  O  O  (V O O H NO  O  CD VP, O  O  O  NO O  O  CP NO 00 0 3  o 00 o  o  oCP 3  OnVD, V P O  On VP -3 CV ON VP O n CM O n NO 3  ON -noo » • o »  aa • O - « . O ■l •> B O “ »rlO
CM H N  • -3 vp 3  00 cp 3 CP CP
CM rH CP CM rH rH

O  O  CPCV O  O  O  O O  O  O  VP O  O  3  CP O  O  CM tvO  O  VO NO NO O  rH VP O  O  O  ON 00 O  rH O n NO O  (VNO3  O  On IV O n-3 On Cn- On O  O n no V-NO On NO rH IV ON NOO «k » • O » » • o • « •  O • at • O « » • O
rH C V 3  . VO 3  ON • 3  CM 3  rHCM rH tv 3 CM CM CM

O  O  CM3 O  O  O  rH O  O  rH 3 O  O  O nO O  O  NO CMO nO  3  00o  o  cp cp CM o  NO on CP O  00 00 CM O  rH OO n O  On On CM NO oo 00 rH CP 00 CO CP O n O n O n CP vp on 00O k  > ■ O • o • • • o ■t • a  O « • . OO NO O n
c m-3-*H

00 VP NO NO • NO 00 VPnO •CM IV VP CP CP

O  O  CP3 O  O  vpvo O  O  cm VP O  O  VPCP O  O  NO CMO  O  03 rH O  O  rH CP C P 0 3  rH O n O  NO CM C— O  On rHCM O  00 rH V P O  00 rH NO CVC0 rH CM O n 00 rH rH CM 00 rHO •  • •  • « * t • »  *k «  * »  »  O • aa aa «  ,

ON N O rH t V I V  v p 0 0 3 NO rHrH ■3- rH CP rH VP rH ON NO NO

O  O  C^NO 0  0 3 - 0 O  O  rH CM O  O  00 CM o  o  cpvpO  O  CM CM O O nO N O  O  no 3 O  O  CM 3 O nO  CP3
00 O  00 rH rH O  CV rH rH O  C —  rH V P O C O H CM O  00 rH

o *  r  •  • •  •  •  m r  « «  «  «  « »  *  a  a

C D CM CP cp o rH IV O  £V 00 ONrH IV On h 3 r H O O rH CM CMNO CM r H rH rH

65

fH
0)

•p
0)
e <
a)
fH
as

Ph

rH
as S

•H >
fH 1
a)

-p g
£

S P h

•p
10 O
CD O

Eh rH

< J P 5 C O  C P Q C O  <!pq C U  C  «  C  u

co
t v

CO
Ph

VLOO



66
as given by Bird (6) and Sadowski (91, 92) in which

(III.2)

1

Ti =  ( <M o )'OC+1 (III.3)

a  = a (in.f*)

Using this form, the lower limiting viscosity was es
timated from the data as

which was assumed to correspond to the straight line 
portion of the rheological data at low shear rate. 
Further, Ti was estimated as

The third parameter, a  , was estimated by computer 
simulation. Allowing the computer to estimate all three 
parameters did not significantly improve the fit of the 
data and was rejected in preference to the technique 
described above.

All four parameters in the Huang model were computer- 
estimated. The computer routine was based on an iter
ative least squares estimation of the non-linear equation

ii. n  = 7j0 
T-» o (III.5)

2

n =  M  • n * i n 0 (III.6)



67
parameters. The subroutine written to enter data into 
the main program is Included in Appendix C.

The standard error of fit for the Ellis and Huang 
models is summarized in Table VI. The power law proved 
markedly inferior to the more powerful three and four 
constant models and is not included in the comparison. 
The standard error results show equally good represen
tation of the data with either equation. A represen
tative comparison of the actual results and the pre
dicted curves for both models is provided by Figure 6. 
The 50/50 PMMA/PS blend at 200°C is shown. Evidently, 
these models are excellent representations of the 
experimental results.

These results were used to estimate the appropriate 
values of the fluid parameters at the temperature of the 
packed bed flow experiments. In the case of the Huang 
model, each parameter was plotted as a function of 
temperature and composition as shown for A in Figure 7. 
Values of A , B , C , and n estimated for the 
packed bed analysis are presented in Table VII.

Of the Ellis model constants, only TJ q varied in 
a consistent manner with temperature. A similar result 
was reported by Sadowski for the polymer solutions he
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Figure 6
Comparison of Huang and Ellis Model Constitutive Equations
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Figure 7
Temperature Dependence of Huang 
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studied at room temperature (91t 92). Thus, the es
timates of 7J 0 in Table VIII were made in an analo
gous manner to the Huang constants, but T ^  and QC 
values are arithmetic averages of the five separate 
rheological test results over the temperature range.
A single exception is the value of for PMMA which
was graphically estimated.

An independent check of these results has been pro
vided by Han, et al (45) who combined them with capillary 
rheometer data for the same polymers and blends. The
combined data covered the shear rate range from 10 

3 -1to lO-' sec and demonstrated excellent agreement of the 
two sets of results.
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CHAPTER IV. PACKED BED EXPERIMENTS
?U

The packed bed test equipment for this study was 
designed, fabricated and Instrumented to provide a 
complete and accurate characterization of the polymers 
in a commercial scale flow regime. A description of 
the major system components and the test procedures is 
given below. Results of the tests are reviewed and 
analyzed. The theoretical porous media flow model de
veloped for the Huang rheological equation of state is 
tested using these data.

Materials
The five polymer systems characterized Theologically 

were also examined in the packed bed experiments. All 
tests were conducted at about 20ty°C. Reasonable flow 
rates and pressures were achieved at this temperature. 
Initial testing at temperatures up to 225°C resulted in 
polymer degradation due to the retention time-at-temper- 
ature of about 1.5 hours, average.

The pressure and temperature dependence for each 
polymer and blend was required in the analysis of the 
packed bed data. This information is summarized in 
Table B-II and Figure B-2, Appendix B. A blend density 
was assumed proportional to the weight fraction of each 
component, since the polymers are basically viewed as



75incompatible. Thus, no volume change on mixing would 
be expected.

A description of the glass beads used for the bed 
packings is given in Table IX. The beads were high 
quality blast beads selected to provide a tenfold range 
of particle size. Maximum particle-to-bed diameter 
ratio was about 0.1. A complete description of the beads 
including the manufacturer’s specifications is given 
in Appendix Table B-III.

Equipment and Procedures
A simple schematic of the major components of the 

melt extrusion system is shown in Figure 8. The as
sociated hot oil circulation system is represented in 
Figure 9* Polymer was melted and extruded at constant 
pressure from the Prodex extruder to the Zenith metering 
pump. The molten polymer was metered by the pump 
through a long lead pipe section to the inlet pressure 
transducer, through the packed bed to the outlet pres
sure transducer and through the trailing pipe section 
to an exit nozzle. Flow rate was conveniently measured 
by direct weighing of timed samples caught at this noz
zle. Temperature was potentiometrically measured at 
several points both in the oil circulation system and 
in the melt to assure uniformity. The pressure trans-
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ducers were connected to transmitters which read out on 
mercury manometers. Both inlet and outlet gauge pres
sures and the differential between them were measured.

The extruder was a two inch Prodex equipped with 
a metering type screw and a 2k/l length/diameter ratio 
barrel. Dried polymer was hand fed to the hopper which 
was continuously heated by two lamps to minimize moisture 
regain. Melt temperature was controlled in three re
sistance heated zones to closely match the test piping 
temperature. Small diameter piping to the Zenith pump 
was also resistance heated and insulated.

The Zenith pump was a two gear Type HLB-4729 staple 
fiber hot pump with a nominal 20 cc/rev delivery. The 
pump was enclosed in a hot oil-fed, insulated aluminum 
block to maintain constant temperature.

Exiting the Zenith pump, the melt entered the main 
piping system. Leading and trailing section flow chan
nel size was 3*83 inches diameter corresponding to the 
actual ID of nominal k inch, schedule 80 pipe. Both 
sections were fully oil-jacketed and were approximately 
37 and 25 inches long, respectively. Thermocouple ports 
were provided in each, both in the annular oil chamber 
and communicating with the flow channel. Maximum



80-hReynolds numbers of the order of 10 are estimated for 
these ripe sections which were intended primarily to 
promote fully developed laminar flow entering and exiting 
the test section.

The pressure transducers were mounted in specially 
designed solid steel flanges, one on either side of the 
test section. Temperature at the transducer sensor and 
in the melt flow was measured in each flange. The 
flanges were not oil-jacketed, hut were heavily insu
lated. Temperature difference between the transducers 
was generally about 1°C and did not exceed 2°C. The 
flow temperatures measured in these flanges (one inch 
radially into the melt) characterized the packed bed 
temperature. In general, bed inlet temperature was 
about 1°C lower than outlet temperature. In no case 
was data taken when this difference exceeded 3»5°C, 
since significant viscous heating was indicated by such 
a condition.

The elements of the packed bed are shown sche
matically in Figure 10. The section was oil-jacketed 
and was overbored to allow insertion of the sleeves and 
supports which defined the packed bed. The machined 
bed diameter was ^.053 inches. Moving in the direction 
of flow, the section contained a spacer sleeve, outer
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bead support screen, beads packed in a sleeve, inner 
bead support screen, perforated metal screen support 
plate, breaker plate and breaker plate support sleeve.
The several support members were found necessary to 
prevent buckling of the screens which defined the 
packing space. The contribution of these members to 
overall pressure drop was accounted in the data analysis 
by subtracting out their contribution to the pressure 
difference. Data for this purpose was obtained in 
blank flow experiments conducted with the supports in 
place, but without packing. Various combinations of 
sleeves allowed beds of 1.75» ^.29 and 6.10 cm depth to 
be tested.

Pressure range of the transducers was 0 to 3000 
psig. Each was initially calibrated at temperatures of 
27f l60, 200 and 24-0°C. A special jig to hold both 
transducer bulbs and connect to an hydraulic dead weight 
tester was immersed in a constant temperature oil bath 
for this calibration. Small but real differences in 
readings between temperatures were recorded for both 
transducers. The data is given in Appendix Table C-III 
and Figure C-l. The individual transducer calibration 
curves at 200°C were used in the packed bed tests to 
convert manometer readings to psig pressure units.
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Average absolute error in the net pressure difference 
values was calculated to be +7 psig.

Before experimental work was begun, a method was 
devised to assure that identical packed beds could be 
repeatedly prepared. For each bed depth and bead size 
combination, the test section was packed by tapping and 
shaking until it appeared uniformly full. The beads 
were then poured out and weighed. This procedure was 
repeated several times and an average weight determined.
A plot of depth versus weight for each bead was thus 
developed. The exact weight of beads for each bed was 
taken from the best line through the data points, in
cluding the origin. For all packed bed tests, the same 
weight of beads was used. For the largest beads (.979 
cm diameter), a count was used rather than weight.
This data is summarized in Table C-IV, Appendix C.

Specification of bed porosity was necessary to 
calculate the bed friction factor. The porosity, € ,is 
the void space in the packed bed expressed as a fraction 
of the total volume of the bed. Since the packed beds 
were prepared with known weights (or count) of beads, 
an accurate bead density allowed calculation of bead 
volume, and void volume by difference with the total 
volume. The density of each bead size was determined
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by displacement of water in a volumetric flask using 
a modified pycnometer technique. Values of £ are re
ported in Table X. Data for the determination of these 
values of £ are given in Appendix Table C—*V.

The experimental procedure required preparation of 
an appropriate packed bed section, installation of the 
test section into the piping system, then preheating 
the system to operating temperature. Flow was begun at 
a low rate and continued until all temperatures and the 
pressures equilibrated. Flow was set and verified 
several times as pressure and temperature readings were 
recorded. Two or three consecutive sets of readings 
spanning at least ten minutes and showing no signifi
cant variations were accepted as equilibrium data.

Detailed descriptions and specifications for each 
major piece of equipment discussed above are given in 
Appendix B. The procedures including calibration of 
the pressure transducers, packed bed loading and the 
actual test conduct are detailed in Appendix C.

Results and Analysis
The experimental plan for the packed bed experi

ments is summarized in Table XI. A total of 59 separate 
tests were conducted including several complete repli-
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Table XI. Design of Packed Bed Experiments
86

Variable Levels
Test Material

PMMA, % 100, 75, 50, 25, 0
PS, % o, 25, 50, 75, 100

Flow Rate, g/min 140, 210, 300, ^00, 520
Bead Diameter, cm .117, -198, .375, .679, *979
Bed Depth, cm 0, 1*75, ^*29, 6.10
Temperature,°F 398

Notes:
1. Total 59 tests (different beds) conducted.
2. PMMA and PS selected for similarities, availability 

and flowability.
3. Minimum flow rates limited by extruder speed; 

maximum flow rates limited by pressure developed.
A. Smallest particles limited by estimated pressures;

largest particles conformed to guideline of 10/1 
bed/bead diameter ratio to avoid wall effects.

5- Bed depth limited by pressure developed.
6. For 0.979 cm diameter beads, bed depths were 1.83

and 4.37 cm.
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cations and selected tests at the greatest bed depth. 
Combinations of conditions in which pressure exceeded 
3000 psig or significant viscous heating precluded iso
thermal equilibrium operation were discarded from the 
data analysis.

The data summary for the packed bed experiments 
is given in Appendix E, Tables E-I through E-V. Many 
readings in addition to those summarized were taken as 
control points in monitoring the system. A summary of 
a complete set of test readings is given in Appendix 
Table C-VI.

Many possibilities for examining such an array of 
data exist. Checks of trends and consistency are pos
sible by simple graphical representations. Figures 11,
12 and 13 illustrate the basic results in which flow 
rate through the packed bed is related to pressure drop. 
Development of high pressures with the PMMA-VM even for 
large particles (0.679 cm diameter) is indicated in 
Figure 11. Further, viscous heating effects were par
ticularly restrictive and limited the data obtained for 
PMMA-VM. Progressively smaller bead sizes are illus
trated for 50/50 PMMA/PS in Figure 12 (0.375 cm diameter) 
and for pure PS-678 in Figure 13 (0.198 cm diameter). 
Reproducibility of the data is illustrated in Figure 1̂4-
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for 50/50 PMMA/PS where the data from two tests (num
bers 39 and 46) conducted a week apart are plotted. 
Average difference in the pressure drop at a given 
flow rate is 5*5 *̂

The effect of bead size on pressure drop is il
lustrated for several flow rates and two packing depths 
for 50/50 PMMA/PS in Figure 15* For tube flow, pressure 
drop is directly proportional to tube length and in
versely proportional to the square of tube diameter. 
Thus, at a given pressure drop, the ratio D /L is 
constant, for the same flow. Very nearly the same 
dependence is calculated for the sets of curves in 
Figure 15- Similar results were reported for poly
ethylene by Gregory (37* 38).

The composition dependence for pressure drop is 
presented in Figure 16. The three largest particle 
sizes at two intermediate flow rates are shown for a 
bed depth of 4.29 cm. Addition of relatively small 
amounts of PS-678 to the blend gives large pressure re
ductions. This effect is analogous to the stress re
duction in the rheological experiments noted in Chapter 
III, Figure 5* Greater proportional effect is evident 
at smaller particle size.
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Figure 15

Particle Size Dependence of Pressure Drop
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Figure 16 

Composition Dependence of Pressure Drop

All 4.29 cm Depth
Bead
Size
cm

Flow Rate 
g/min

375

— r\.679

1 ___
.979 — 1

75/25 25/75 0/100100/0
Composition, PMMA/PS



95
Although examination of the independent effects of 

each experimental variable on the responses is a useful 
exercise, it does not adequately represent the total 
system behavior. Through the friction factor - Reynolds 
number relationship expressed in equation (II.98), all of 
the packed bed data may be comprehensively represented. 
Both the Huang and Ellis model packed bed developments 
were tested. The latter is of significance primarily as 
a reference point of demonstrated success in other 
studies. To review, the friction factor represents the 
physical characteristics of the porous medium and of the 
test material, i.e.:

The friction factor is independent of the rheological 
nature of the fluid. Its product with the Reynolds 
number is a constant as expressed in (II.98). The ef
fective Reynolds number for packed bed flow is then

The particular equation of state selected to represent 
the rheology of the fluid determines the form of the 
effective viscosity. 7| for the Huang model was
given as (11.99)* For the Ellis model, Sadowski gave:

d p v q P (IV.2)
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1

Vo
1

(IV.3)

Huang model results for each individual material are 
shown in Figures 17 through 21. A summary plot is given 
in Figure 22 for the Huang model. Only the summary 
results are presented for the Ellis model in Figure 23* 
Computer programs were developed to calculate "both 
sets of results. These are detailed in Appendix Tables 
C-VII and C-VIII. The results given in the figures are 
tabulated in Appendix F.

The individual materials - both pure polymers and 
blends - are well represented by equation (II.98).
The constant c varied among the materials from about 
c=120 for PMMA-VM to a high value of c=275 for 75/25 
PMMA/PS. For the three blends and pure PS-678, a value 
of c =260 adequately characterizes the total 1 8 7  data 
points. For the Ellis model, c is roughly ten units 
higher than those given above.

Although the value of c was described as adjust
able to give agreement with experiment, several inves
tigators found values of c=150 or 180 for various 
systems and fluids (19. 35. 38, 92). The origin of 
these values was in work by Ergun (28) and Carman (15).
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Figure 17

Friction Factor-Reynolds Number Correlation
for the Huang Model
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Figure 18

Friction Factor-Reynolds Number Correlation
for the Huang Model
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Figure 19

Friction Factor-Reynolds Number Correlation
for the Huang Model
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Figure 20

Friction Factor-Reynolds Number Correlation
for the Huang Model
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Figure 21

Friction Factor-Reynolds Number Correlation
for the Huang Model
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Figure 22

Friction Factor-Reynolds Number Correlation
fot the Huang Model
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Figure 23

Friction Factor-Reynolds Number Correlation
for the Ellis Model
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respectively. Other studies have reported values from 
c=ll8 (60a) to c=650 (50).

As originally conceived, c accounts for the tor
tuosity of the porous medium, reflecting the inability 
to accurately define path length and pore size in 
so complex a geometry. Deviations from the expected 
values of Ergun and Carman have been attributed to 
viscoelastic effects by Sadowski (91. 92) and to the 
presence of an anomalous fluid layer on the particles' 
surface by Kozicki, et al (59). Further, the Darcy 
law development leading to (II.98) ignored inertial 
effects as small compared to viscous effects in porous 
media flow.

Sadowski observed deviation of the friction factor 
versus Reynolds number from c=l80 for a solution of 
high molecular weight hydroxyethylcellulose in water.
The deviation occurred above Nre.eff = 0'5’ but not 
below that value. He defined a characteristic time to 
account for the suspected viscoelastic effects which 
corrected the deviant points without significant 
effect on other test fluids. Christopher, however, 
reanalyzed Sadowski's data using the power law rather 
than the Ellis fluid model (19)• He found that the 
deviation then occurred at low values of Reynolds
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number, but not at the high values. Further, Kozicki 
was able to correlate the same data using a modified 
Ellis model Reynolds number which allowed for the ex- 
istance of an adsorbed fluid layer on the particles' 
surface. Thus, no solid evidence exists in this case 
to support the theory of viscoelastic effects.

The assumption that inertial effects can be ig
nored can be tested. Scheidegger reported that the 
critical Reynolds number for porous media flow above 
which inertial forces may be significant, lies between
0.1 and 75 (97)* In the present study, maximum Reynolds 
numbers were < 2 x 1 0 The assumption seems reasonable.

From the discussion above, it seems unlikely that 
the variations in c are due to some unaccounted fluid 
behavior. Since different values of c have been 
calculated for the same packed beds with different fluids, 
it is equally unlikely that the bed geometry is alone 
responsible for the results. Interaction between these 
factors offers a plausible explanation.

The anomalous adsorbed fluid layer proposed by 
Kozicki is one possible interaction. Kozicki intro
duced two factors termed the impermeability and aspect 
factors to account for velocity changes resulting from 
polymer adsorption or gelation on the bed packing.
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This idea is tested by the following reasoning.

Only the PMMA-VM results deviated significantly 
from a value of c=260. One may suppose that the ad
sorption phenomenon is related to the presence (or ab
sence) of PS-678. This idea is supported by recalling 
that VanOene showed PS to be the continuous phase in 
PMMA/PS blends (116). If such a layer exists, the bed 
porosity £ should be effectively reduced. As £ de
creases, c decreases. Thus, the four resins containing 
PS-678 (high values of c ) are logically the ones for 
which adsorption occurs. Carrying the analysis further, 
the effect of an adsorbed layer should be greatest for 
small particles and low flow rates (greatest reduction 
in effective values of £ ). No trend is evident that
the values of c increase at the presumably inflated 
values of £ for small bead sizes. In fact, c is 
approximately constant for a given material, flow rate 
and bed depth as bead size decreases with the values of 
£ which were used. Moreover, for a given material, 
bed depth and bead size, c increases as flow rate 
increases, contrary to expectation if values of £ are 
inflated at low flow rates.

It is clear that none of the proposals reviewed
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above satisfactorily explains the differences in the 
*f versus |y|re eff relationship for PMMA-VM compared 

to the other materials tested. One can propose various 
additional adjustable parameters to produce superposi
tion of the results, but physical significance is 
questionable. The need for study leading to a mechan
istic model which more accurately describes porous media 
flow, is evident. Meanwhile, correlation of data by the 
method of this study provides accepted working relation
ships.

A prime objective of this work was the assessment 
of blend behavior compared to that of the pure components. 
In all respects, the three blends responded identically 
to pure PS-678. No evidence of phase inversion, phase 
separation or other anomalous effects exists. Thus, 
in both the simple geometry of the rheogoniometer and 
the complex geometry of the packed bed, the blends 
behaved as though they were pure and single phase ma
terials. This observation extends the pattern of results 
reported by Hill and Maxwell (52) and Han (40) for less 
complex flow geometries (discussion in Chapter II.).
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The results of this investigation may be summarized
by the following statements.
1. A four parameter form of the thermodynamically- 

based Huang rheological equation of state provided 
excellent representation of experimental data for 
pure component and blend melts of polystyrene and 
poly(methyl methacrylate). This study provided the 
first experimental test of the model with molten 
polymers.

2. The cone and plate rheogoniometer data from this 
study and the capillary rheometer data of Han (45) 
provided a thorough rheological characterization
of the polymers and blends over a five decade shear 
rate range.

3. A packed bed test apparatus of commercial size was 
designed, fabricated and successfully tested in 
this study.

4. Disproportionate effects in shear stress reduction 
(Figure 5) and pressure drop reduction in the packed 
beds (Figure l6) were observed for addition of 
polystyrene to poly(methyl methacrylate). These 
effects are tentatively ascribed to the tendency
of polystyrene to form the continuous phase in
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blends of the two polymers as reported by VanOene 
(ll6). Melt viscosity of the PS-678 was signifi
cantly lower for a given set of conditions than was 
that of PMMA-VM. No other unusual effects were 
observed for blends of the polymers.

5. The application of the Huang equation of state to 
an hydraulic radius capillary model of the porous 
medium led to a generalized Darcy's law (11.93). 
Analytic solution of the resulting equations al
lowed the packed bed experimental data to be repre
sented through a friction factor-Reynolds number 
correlation. Both this development and that given 
previously by Sadowski (91» 92) satisfactorily 
represented the total 214 data points for the five 
polymers and blends. Thus, a test of the Huang 
model for melt flow in a complex geometry was 
provided,

6. The values of the adjustable parameter c in equation 
(II.98) were significantly different for PMMA-VM
(c = 120) compared to PS-678 and the polymer blends 
(c = 260). This result is attributed to an uni
dentified interaction between these fluids and the 
packed beds. The data from this study do not pro
vide the basis for a phenomenological understanding



of this result. Surface tension and other surface 
effects may be suspected of contributing to the 
observed differences in behavior.
The analysis does provide working relationships 
among the experimental variables. Using the equa
tions which were developed, the pressure drop through 
a packed bed can be estimated from the rheological 
properties of the fluid and the physical properties 
of the packed bed. Sensitivity of the pressure 
drop to the experimental variables can be tested. 
Packed bed flow behavior of more Theologically 
complex fluids than those reported herein can be 
represented by this new model. The Huang model 
provides a more powerful and versatile description 
of fluid rheology than other models previously 
applied to porous media flow.



Ill
CHAPTER YI. RECOMMENDATIONS

The present investigation provided two extensive 
test applications of the Huang rheological equation of 
state. An appropriate simplification of the model for 
isothermal, incompressible, pseudoplastic flow gave a 
tractable equation which closely described experimental 
data. Extension of this model to other polymer systems 
(melt and solution) and other viscometric geometries 
is warranted.

The second test of the model was its adaptation 
to the hydraulic radius capillary representation of a 
packed bed producing a modified Darcy's law. The appli
cability of the hydraulic radius concept in correlating 
experimental data was demonstrated.

The variation in the adjustable parameter c, both 
among materials and from expected values, requires 
further study. One suggested extension of the work is 
limited testing of another polymer previously shown to 
exhibit predicted behavior. Alathon 10 polyethylene 
(E.I. Du Pont, Inc.), investigated by Gregory (37, 38), 
could be used for this purpose. Such a study would 
provide a check of the apparatus.
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The change in c from a value of about 120 for pure 

PMMA-VM to a value of about 260 for the other resins can 
be explored. In particular, tests of blends with less 
than 25 percent PS-678 would show whether a consistent 
trend between the extreme values exists.

More basic studies of the morphology of melt blends 
of the polymers taken from packed beds would allow direct 
observation of differences in those materials which 
gave different values of c . Experiments to measure 
surface tension and other surface effects are also recom
mended to understand the differences.

The apparatus used in conducting the packed bed tests 
is adaptable for flow studies of other melt systems.
The large diameter main piping and the instrumentation 
would be suitable for the investigation of radial tem
perature and pressure distributions around a packed bed, 
static mixer or other test device.

Finally, the work described herein can be general
ized to describe other systems of importance such as 
secondary oil recovery flow, filtration and related 
extrusion operations.



APPENDIX A. NOMENCLATURE

A = constant in the Huang equation of state, M/Lt
2Ar ~ cross sectional area of packed bed, L

a = parameter of the beta function radius distri
bution, dimensionless 

B = constant in the Huang equation of state, M/Lt
B, = tensor polynomial in the skewed capillary

permeability model 
b = parameter in the beta function radius distri

bution, dimensionless; factor related to the
2reciprocal resistance of a pore, L 

C = constant in the Huang model
c = adjustable parameter associated with the hy

draulic radius permeability in the friction 
factor-Reynolds number correlation 

cQ = the Kozeny constant, dimensionless 
Cj,,C£ = constants in the Huang model
D  = diameter of a tube, L
Q = diameter of a particle, L

f = friction factor for tube flow, dimensionless
*f = friction factor for packed bed flow,

dimensionless 
f(s) = shape factor, dimensionless
f(£) = porosity factor, dimensionless



2g = gravitational acceleration, L/t
g = metric tensor defining the heat flux vector

in the Huang model 
h = elevation, L
K = proportionality constant in Darcy's law,

L3t/M
2K i i = element of the permeability tensor, L 

J 2 2k = Boltzmann constant, ML /t T; permeability
2of a packed bed, L 

L = depth of packing or characteristic length, L
m = parameter in the Ostwald-de-Waele model,

variable dimension 
|yjre = Reynolds number, dimensionless

Nre ,e ff = effective non-Newtonian Reynolds number,
dimensionless 

n = parameter in the Ostwald-de-Waele model,
dimensionless; parameter in the Huang model, 
dimensionless 

p = fluid pressure, M/Lt
Q = volumetric flow rate, L^/t
q* = heat flux vector in the Huang model, M/t^
R = radius of a tube, L; largest pore radius in

the Haring and Greenkorn permeability model, L 
Rh = hydraulic radius, L

r  = radial dimension, L



o pthe entropy, ML /t ; surface area per unit 
volume of porous medium, L
surface area per unit volume of solid packing,

absolute temperature, T 
time, t
mass average velocity, L/t
superficial fluid velocity, L/t
rectangular coordinate, L
parameter in the Ellis, Sisko and Sutterby
models, dimensionless
parameter in the Sisko, Powell-Eyring and 
Sutterby models, variable dimensions 
molecular arrangement parameter in the Huang 
model, MT
equilibrium value of the molecular arrange
ment parameter in the Huang model, MT 
the gamma function of a 
the incomplete gamma function of a and z 
strain rate tensor, t-*; same as

_iwall shear rate, t
hydraulic radius wall shear rate, t

— 1rate of deformation tensor, t” » same as ̂  
unit tensor, dimensionless
packed bed porosity, (volume of voids/volume 
of medium), dimensionless



non-Newtonian viscosity, M/Lt 
effective non-Newtonian viscosity, M/Lt 
parameter in the Sisko and Sutterby models, 
M/Lt
parameter in the Powell-Eyring model, M/Lt 
overall apparent viscosity in the Huang model, 
M/Lt
angle, radians
unit orientation vector in the skewed capil
lary model, dimensionless 
thermal conductivity, ML/t-^T 
Newtonian viscosity, M/Lt 
coefficient in the Huang model 
3.14159*•• 
fluid density, M/L^
rate of generation of entropy, ML2/t^ 
shear stress tensor, M/Lt

ftshear stress at the wall, M/Lt
hydraulic radius shear stress at the wall,
M/Lt2

ft pforce potential, L /t
parameters in the Ellis model, Lt/M and 
variable dimensions, respectively

pvelocity potential, L /t 
parameter in the Powell-Eyring model



Q  = the number of micromolecular states of an 
assembly, Huang model

Mathematical Operations 
D/Dt = substantial derivative 

p| x 2/v) = the probability function defined as the ratio 
of the incomplete to the complete gamma 
functions

P|a) = the complete gamma function = J exp|-tjta"’1 dt 
P|a,z] = the incomplete gamma function

Zi= J exp|-tj ta_1 dt

V  = vector differential operator, del, L”*
__ o = Laplacian operator



APPENDIX B. 
MATERIALS AND APPARATUS

Plate Title Page
Figure B-l Laboratory Polymer Press 1
Table B-l Rheogoniometer Specifications 2
Table B-IIa Temperature and Pressure De- 3

pendence of Polymer Density
Table B-IIb Pressure Dependence of Resin 4

Density at 398°F
Figure B-2 Dependence of Polymer Density 5

on Temperature and Pressure
Table B-III Manufacturer’s Glass Bead 6

Packing Specifications
Table B-IV Prodex Extruder Specifications 7
Table B-V Metering Pump System 8

Specifications
Figure B-3 Detail of Leading and Trailing 9

Pipe Sections
Figure B-*l- Detail of Pressure Transducer 10

Flange
Table B-YI Pressure Measuring System 11

Specifications
Figure B-5 Pressure Measuring System 12

Instrumentation
Figure B-6 Transducer Calibration Jig 13
Table B-VII Hot Oil Bath Specifications 1^
Table B-VIII Potentiometer Specifications 15



Figure B-l
1

Laboratory Polymer Press

Top Platten

Top Press Plate

Shim

Bottom Press Plate

Bottom Platten

Jack and Base of Press ////////■//)//////////s////'7/rr

Specifications: Carver Laboratory Press
No. 15300-105Six inch square heated plattens
25-250 *C0-l6,000 psig pressure

Manufacturer: Fred S. Carver, Inc. 
Summit, New Jersey 07901
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Table B-I

Rheogoniometer Specifications

Designation: 

Model:
Plate Diameter: 
Gone Angle:
Gap Setting: 
Spring Constants

Manufacturer:

Roberts-Weissenberg 
Rheogoniometer
R-18
2.50 cm
4.0042 deg
187 p
Torsion, 1.0l6xl03 dyne-cm/p 
Compression, 5.90x10^ dyne/p
Farol Scientific Instruments 
Bognor Regis, England

Calculations:
Shear Rate

angular velocity _
I

360 89.9056
cone angle 4.0042t

where t= period of the plate rotation, supplied 
by the manufacturer as a function of 
gearbox settings.

Shear Stress
3KrA>
27TR3

3(1-016x103) a r

27rl ¥ H  3 = 248.373 A-r

where A ^  torsional deflection, p 
Normal Stress

Til" ^ 2 2 - 2 ^ 8 -  - t 5'90Xl0>  - 2403.87An 
7T R 7T (2.5/2) N

where A ^  = normal deflection, p



Table B-IIa

Temperature and Pressure Dependence of Polymer Density

Material
Polystyrene

Polymethyl
methacrylate

Temperature
°F

215380
398(est)

250285
320
355398(est)

Density, g/cm^ @ (l)
Pressure, psig

0 2000 4000 6000
1.019
.9 77 .972

1.032
• 990
• 98 5

1.041
1.001
• 996

1.051
1.013I.009

255 5100 12,750
1.1291.112
1.0991.084
1.064

1.149
1.1331.1231.110
1.092

1.17^1.161
1.1501.142
1.133

1. Data from Processing of Thermoplastic Materials, 
reference 8W.

Procedure s
a) Plot data, Hvs T with p as a parameter.
b) Extrapolate each isobar to 398°F; estimate O  •
c) Plot n  vs p at 398°F; estimate values of O  

over the pressure range of interest.
d) For blends, calculate weight average values 

of p  from pure polymer values.
e) Values of density used in packed bed calcula

tions are summarized in Table B-IIb.
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Figure B-2
Dependence of Polymer Density on 

Temperature and Pressure
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Table B-IV

Prodex Extruder Specifications

Designations 
Size s
Length/Bore Ratio s 
Drive:

Screw Type s 
Manufacturer:

Compact Extruder 
Two inch 
2k i 1

US Varidrive 
15 Hp30 to 130 rpm
Metering
Prodex Corp.
King George Post Road 
Fords, New Jersey
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Table B-V

Metering Pump System Specifications

Designation:
Type:
Nominal Delivery: 
Manufacturer:

Drive:

Zenith HLB-4?29
Two gear staple fiber hot pump
20 cm-Vrev
Zenith Products Co.
^32 Cherry St.
West Newton, Massachusetts
a. Graham Transmission motor 

Type P, model 6^6^3-A WF 
1.5 Hp, 17 50 rpm

b. Transmission model 250 MR 2.8 
Input 1750 rpm
Output 0 to 230 rpm

c. Reducer
5*1 speed reduction from 
transmission
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Table B-VI

Pressure Measuring System Specifications

Designation : 
Model:
Input Air: 
Range:

Sensor:

Manufacturer:

Taylor Transcope Transmitters
211TN090
20 psig
0 to 3000 psig input 
3 to 15 psig output
Volumetric pressure bulb 
no. 90
Taylor Instrument Co.
95 Ames St.Rochester, New York 1^601

Readout: Mercury manometer 
90 cm, middle scale zero 
Fisher Scientific Co.



Figure B-5
12

Pressure Measuring System Instrumentation

Pressure
Trans
mitter

Pressure
Trans
mitter

H  Valves
Input Air
Pressure
Regulator

Input Differential 
Pressure 
Transmitter 
(not used)

Air

Air
Filter

Manometers
"a" is connection for pressure transducer
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Hot

Designation j 
Model:
Range:
Fluid s

Control Unit 

Manufacturer

Table B-VII

Oil Bath Specifications

Cannon High Temperature Bath 
H-l
0 to 250 °C
G.E. SF-1017 silicone oil 
General Electric Silicone 
Products Division
No. 666
Bronwill Scientific Co.
Cannon Instrument Co.
State College 
Pennsylvania
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Table B-VIII 

Potentiometer Specifications

Designation:

Type s
Facility Cat. No. 
Meter Cat. No.: 
Range:
Error:
DC Null Detector 
Cat. No.:
Standard Cell:

Power Supply: 
Manufacturer:

Leads & Northrup Potentio
meter Facility
K-3 
7553-A 
7553-6
0-1.6 volts, 3 scales
0.015$ of reading 
9834-1

Eppley No. 779684 
1.01915 volts
Constant voltage no. 099034- 
Leads & Northrup, Inc.
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Procedure C-i 

Rheological Testing

The general procedure followed in operating the
Roberts-Weissenberg rheogoniometer is detailed below*

1. Move the heating chamber into place and preheat the 
apparatus to the test temperature. Purge with dry 
nitrogen.

2. Set the cone-to-plate gap (l8?p) after reaching 
operating temperature.

3. Zero deflection meters as required.
4. Place a previously prepared disk of resin between 

the instrument cone and plate. Allow the temper
ature to equilibrate, air to be expelled and the 
polymer to melt.

5. Start the plate rotation at the minimum speed (shear 
rate) to be tested.

6. Observe the torsional and normal deflection readings. 
When steady, record.

7. Increase rotation speed stepwise through the range 
of shear rates. Record steady deflection readings 
at each step. Several instrument range changes are 
required.

8. Observe the sample visually as the shear rate



2
increases. Rough edge appearence and unsteady de
flection readings indicate maximun test conditions.

9. Replicate the procedure twice more for each resin/ 
temperature combination.

10. Average the replicate deflection readings and cal
culate shear and normal stress as a function of 
shear rate as shown in Appendix Table B-I.
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Table C-I

Calculation of Ellis Rheological Model Constants 

Technique
As explained in Chapter III, the Ellis model vis

cosity coefficient 7|q and the shear stress coefficient
T i were estimated according to the graphical procedure

2recommended by Bird (6). The third parameter, CC » was 
computer-estimated through a non-linear least squares 
estimation program. The exact program is not available 
(property of Celanese Corporation) but was derived from 
the method published by D.W. Marquardt of DuPont, "An 
Algorithm for Least Squares Estimation of Non-Linear 
Parameters" in the Journal of the Society for Industrial 
and Applied Mathematics, Vol. 11, No. 2 (1963)*

Input to the base program required subroutines 
giving the form of the non-linear equation to be fitted, 
initial estimates of the parameters and the data. The 
subroutines for the Ellis model were as followss

SUBROUTINE F CODE (Y,X,B,PRNT,F,I)
DIMENSION Y(500),X(500,10),B(50),PRNT(5)F=ALOG((X(I,1)/B(1))*(l.+(X(I,l)/B(2))**(B(3)-1.)))
RETURN
END
SUBROUTINE SUBZ(Y,X ,B ,PRNT,NPRNT,N)
DIMENSION Y(500),X(500,10),B(50),PRNT(5)
DO 10 I = 1, N 

10 Y(I)=AL0G(Y(I))
RETURN
END
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Table G-II

Calculation of Huang Rheological Model Constants

Technique
All four parameters in the Huang rheological model

were computer-estimated. As explained in Table C-I,
the base program was derived from a published method,
but is not specifically available (property of Celanese
Corporation). Brief subroutines giving the form of the
non-linear equation to be fitted, initial estimates of
the parameters and the data were required to use the
program. The subroutines are reproduced below*

SUBROUTINE F CODE (Y,X,B,PRNT,F,I)
DIMENSION Y(500),X(500,10),B(50),PRNT(5) F=AL0G(B(1)+B(2)*(X(I.1)**(B(3)-1.))*EXP(-B(4)* 
1(X(I,1)**B(3))))*X(I,1))
RETURN
END
SUBROUTINE SUBZ(Y,X,B ,PRNT,NPRNT,N)
DIMENSION Y(500),X(500,10),B(50),PRNT(5)DO 10 I = 1,N 

10 Y(I)=AL0G(Y(I))
RETURN
END
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Procedure C-ii

Calibration of the Taylor Pressure 
Measuring System

The Taylor system used to measure pressure in the 
melt consisted of two volumetric transducer bulbs asso
ciated with appropriate transmitters which provided a 
proportional 3 to 15 psig pneumatic output signal. A 
differential transmitter to directly read pressure dif
ference between the leading and trailing transducers 
was initially planned, but high cost and long delivery 
precluded use o>f this automated readout. Instead, three 
mercury manometers were used, one each to read gage 
pressure of the two transducers and one to read the dif
ference between them as a check. Figure B-5 shows the 
panel constructed to house these instruments.

The transducers were calibrated by connecting the 
bulbs in a special housing (Figure B-6) with an hydrau
lic dead weight tester to provide accurate loading. The 
calibration jig was immersed in a constant temperature 
oil bath and calibrated at applied loads from 0 to 3000 
psig. Readings from all three manometers were recorded. 
Calibration at 27, 160, 200 and 2^0PC was performed. 
Selected loads were repeated to test reproducibility.



The data are summarized in Table C-III and are plotted 
in Figure C-l.

The data at 200®C for the leading and trailing
transducers were fitted to a least squares line of the
form

P (psig) = a (Ht(cm Hg) - b)

The following equations resulted!

Leading P = 49.106 (Ht - 15.27)
Trailing P = 49.124 (Ht - 15.77)

Pressure differences were calculated using these ex
pressions.

The residual error (95% confidence limits) in using 
these equations was + l6.1 psig and ± 9.7 psig, respec
tively. The average error (comparing measured and pre
dicted calibration data points) was +8.6 psig for the 
leading transducer and £ 4.9 psig for the trailing 
transducer.
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Pto©p
cd
bOE
•H

P•d
a
-d
§fd
pcd
S
3
p

ta©pcdo
Ps©
fd

©
cd
topEpioPs

♦ ♦ ♦ ♦o o o o o o o o o o oo o o o o o o o o oCAvO ov CM VAOO h 4- INO 
Pd pH Pd CM CM CM CA

*

»d©
fd
fdcdp
co



Ta
yl
or
 

Bul
b 

Ca
li
br
at
io
n 

Cu
rv
es

8

ooOo
CM

CDS-i3■Pcd5-i
CD

1=oEh

\  ^
\  sV 5V  W) vo 

\  S O  
•• -jj **A X5
V  cd os

V  *  
^  *

..... ^  Y

^  Y
!> - \ \

" 1*
A

rH S V
1 -H \ .

W H  \
w  .H Y
^  cd V.
CM 5-i A
rH  EH

Os \
^  V

• 1
II *

Ph
\

V
• t
V
V
\ \

Y
\ \M

\
\

\ \
»

\

OOoĉ
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Procedure C-iii 

Packed Bed Experiments

Each packed hed experiment required a minimum of 
four hours continuous, intensive work. At least two 
people were required to conduct an experiment, and three 
were scheduled when possible. The major steps in each
test are listed below. A summary of all readings taken
during one run is given in Table C-VI.

1. Start oil recycle and extruder preheating to approach
operating temperatures.

2. Prepare the packed bed test section with the ap
propriate supports, sleeves and beads.

3- Install the test section, connect oil hoses, re-
insulate and begin oil circulation throughout the 
system.

4. Check and zero manometers, calibrate the potentio
meter and inspect other instrumentation for normal 
operation.

5. As all parts of the system (extruder, pump, piping, 
transducer flanges, test section and oil reservoir) 
approach operating temperature, start polymer flow. 
Monitor pressures carefully to be certain no plugs 
of solid material remain.
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6. Record pertinent general information to identify the 

test, and specific operating data for the measured 
pressures, temperatures, etc. Record at approxi
mately ten minute intervals.

7. When all readings equilibrate, measure the flow 
and record all system temperatures and pressures.

8. Continue to collect data at ten minute intervals 
until at least two consecutive sets show no signi
ficant differences.

9- Change the flow rate to the next higher level and
adjust controls as required to maintain constant 
test section temperatures.

10. Repeat steps 6 through 8 for all flow rates.
11. Shut the system down after the last readings, drain 

the oil from the test section, remove and clean the 
test section while it is hot.
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Table C-VI 

Summary of Data for a Packed Bed Test

General
Test Number 
Test Date 
Resin
Resin Preparation 
Bead Designation 
Bed Depth
Air Pressure to Transducers 20 psig

37October 19. 1971 50/50 pmma/ps
Dry 2 hr, 85°C, 45 mm Hg
V-1607
1.75 cm

Ambient Temperature 79 °F
Comments: Equipment assembled and heat on at 1500. 

Extruder on at 1515*
Go to 2nd flow at 1628
Go to 3rd flow at 1648
Go to 4th flow at 1708
Go to 5"th flow at 1740

Extruder (Ref. Flow) 1 2 _JL 4 -JL.
Rear Zone Temp., °F

Set 375 375 375 375 375Read 368 368 369 370 370
Zone 2 Temp.,°F

Set 380 380 380 380 380
Read 3^7 3^7 348 354 360

Zone 3 Temp.,°F
Set 375 375 375 375 375Read 3 67 368 368 368 368

Die #1 Temp., °F
Set 380 380 380 380 380
Read 370 371 371 371 371Die # 2 Temp.,°F
Read 410 409 406 394 389Power, volts 70 70 65 55 50

Piping to Zenith Pump,
Temperature,®F

Zone 1 337 338 338 3^5 351Zone 2 352 35^ 358 361 362
Zone 3 369 370 372 375 374

Extruder Speed, rpm 16 24 33 ^3 5^Extruder Power, amps 13.0 13-2 14.0 16.0 17Pressure to Zenith Pump 800 1025 850 1000 550
Zenith Pump Speed, rpm 6.2 8.8 13-1 18.1 23.
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Table C-YI (continued)

Summary of Data for a Packed Bed Test

Oil System (Ref. Flow) 1 2 3 4 3
Reservoir Temp.,*F

Set 373 373 373 373 373Read 374 374 374 374 374
Oil Pump Press., psig 
Potentiometer (Temp.), mv

bo bo bo 40 40
11.16Trail Sec Inlet 11.12 11.lb 11.13 11.20

Trail Sec Outlet 11.09 11.12 11.12 11.14 11.19Lead Sec Inlet 11.12 11.14 11.14 11.16 11.21
Lead Sec Outlet 11.12 11.12 11.12 11.15 11.19Gear Pump Chamber 11.08 11.08 11.10 11.13 11.16

Melt System
Flow, g/min 149 212 303 409 530
Potentiometer (Temp.),mv

Z Pump Inlet 10.78 10.70 10.62 10.56 10.48
Z Pump Outlet 10.80 10.84 10.88 10.95 IO.96
Lead Sec Inlet 10.75 10.74 10.74 10.80 10.85
Lead Sec Midway 10.92 10.91 10.90 10.95 10.94
Lead Trans Bulb 10.68 10.68 10.69 10.71 10.72
Lead Flange 10.92 10.92 10.91 10.93 10.94
Trail Flange 10.97 11.00 11.00 11.01 11.04
Trail Trans Bulb 10.76 10.79 10.80 10.82 10.84
Trail Sec Midway 11.01 11.03 11.02 11.00 11.04

Manometers (Press.), cm HgLead Left Leg 11.20 11.90 12.80 13.60 14.70
Lead Right Leg 10.05 10.80 11.80 12.60 13-70
Lead Total 21.25 22.70 24.60 26.20 28.40
Trail Left Leg 8.25 8.35 8.45 8.60 8.70
Trail Right Leg 8.00 8.05 8.20 8.35 8.35
Trail Total 16.25 16.40 l6.65 16.95 17.05Diff Left Leg 2.10 2.75 3.55 4.20 5.20
Diff Right Leg 2.95 3.55 4.40 5.05 6.10
Diff Total 5.05 6.30 7.95 9.25 11.30



15
Table C-VII

Calculation of Huang Model
Friction Factor-Reynolds Number

Technique
Two separate but closely related programs were writ

ten to calculate the Reynolds number using the Huang 
equation of state according to equations (11.99) and 
(IV.2). The first program calculated the arguments "a" 
in P(a) and X ^ / y "  inQ.[X2/l/} • The gamma function P(a) 
and the probability function p(xVi/] = i-a[x2/i/) were 
not directly available and were not programmed into the 
computer. Thus, the required values of these functions 
were entered manually from tabulations into the second 
program to complete the calculations. Copies of both 
programs are attached as continuations of Table C-VII.



16

fort- 

uno 1
O 0 Oi? 
UOU3c> n o <• ooob u o n b
'TOO 70 0 0 o 
O009 
■JO 10001 1 0012 
0013 001*.
no lb 0016 
0017 001H 
U019 nn?o onal
'ifi2 2 ml £3 0 0 24
002b 
9026 
002 7 002« 002v
00 30

0031
0032
0033
0034 
UO Jb
0036
0037

0036

0039
00400041

Table C-VII (continued)
Calculation of Huang Model 

Friction Factor-Reynolds Number
2

Program to Calculate a and X / v
ON 1V G LEVEL 21 - a-kFR DATE = 750S0 OV/0S/15

Rfc AL u-TNO U  i 4 ) . JR I 214) .LEnGTh 1 ?14 ; , PCRuS(214) .PSIG(214).A(214).H( 
M?14).4(214).M^!4).,’lf I. P(?14),(«il2n(214).5"t‘09(214), G4H1 (214) ,GAM2( 
H214).jam3(214).LnIl(2l4),CH12(214).CHI31214)
READ O.b) M, (Ua TNO ( 1 ) .OP ( I) .LENGTH! I ) ,20905(1) »PS1G(I) , I = 1 »M ) 

b FORMAT (I 10/(Fb.0,3F10.3,20X.F10.0))
s u n  (5.7) (A(I).b(l).C(l).N(i).I = l.M)

7 FOr m a I (2F10.0,2F10.3)
DO 10 1 = 1.2. 
nELMliJePblGUJ^oxCi?.
TAU-Rl1 )=IOElP(1>/lFnGThII>)"(rP(I)/6.)« (P0ROSII) / ( 1.-RflROS < 1 > > ) 
C-A-l (11 = (n (1)*3.)/ N (I)GAm2 (I) = (2.«n(1)*2.)2N(I)
GAm 3 (1 ) = ( 3."N ( I ) *1 . ) /N( 1)
GAMMA=1.
K =0

20 Sh EA-(I)=6a m m a -((A(I) "Ga m m a * (d II)"GAm m a ""N(1))"EXP(-C(I)"Ga m m a «c n (
Ml ) ) ) - I AtJRH ( 1 ) ) / ( A [ I ) . ( ( P ( I ) o.N ( 1 ) «GAMMA«4 (N ( I ) -1 . ) ) «£XP (-C ( I ) "Ga mm a 
5 " " N (1)))4(1.-C(I)"GAMMA""N(I)))
TEST = (SHEAR <1)-oAHMA)/S-EAR(I>
JF (Abb(TEST).LE..001) GO TO 30 
K=N*1
IF(K.LT.20) GO TO 3b 
WRITE (6,25)

2b FORMAT ( 1 x . • ShEah ( 1 ) DID NOT CUNVERGE IN 20 ITERATIONS')
GO TO 10 

35 GAm m a =3HEAR(I)
GO To 20

30 Ch 11(1)=(2."C(I)"Sh E aR(I)o o n <1>>
CH12(i)=(4."C(I)"SHEAR(1)""N(I))
Ch I3(1)-(6."C(I)"Sh EAR(I)""N(1)I 

10 CONTINUE
WRITE (6.w0)

4 0 FORMA I (1x •'DAT NO'. b X ,'OP',5X.'LENGTH', b X •'P090S'.5X.'PSIG'.6X.'A'
n . 4 x . ' a ' . 1 1 X . ' C • • dx . ' N '//) 
wH]IE (6,50) (DA I N O (I) .OP(1).LaNGThII).POROS(I) .PSIG(I) .A (I) >6(1). 

bC ( I ) •"<( I ) • I = 1 •")
50 Fw r M a T (Fb.0.3F10.3.3F10.0.2Flo.4)

wRIT t (h.oO)
60 FORMAT ('1■,bX.'TAURH•.9X,•SHlAP> / / )

WRITE (6.70) (TAURH(I).SHEAR (1).I=1,Ml 
70 FORMAT (Flb.O.Fla.A)

w R 1T L (6.60)
bO FORMAT ('1'» 4 X ,'Ga m I,» b X,'Ga m 2'• b X,'GAM3',HX,'CHl1',8X,'Ch I2', d X,'

dCH I 3'//)
r r ITE (6.. 90) (GAMl (1).,GAM2(1J .GAM3J1) ,CHI1 (I) .CHI2II) ,CHI3(I) *1 = 1. 

1m )
90 FORMAT (1X.3F12.4.3F12.6)

STOP
END
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FORTRAN

0001

0002
0003000*000b
0006
0007
0006
0009
0010 00 11 
0012 
001 3 001* 001b 
0016 
0017 
0016

0019
0020 
0021 0022 
0023 
U02* 002b 
0026
0027
0028
0029
0030 
OOjl. 
0032

0033

003*

0035
0036
0037

Table C-VII (continued)
Calculation of Huang Model

Friction Factor-Reynolds Number
*Program to Calculate f and N p.lJ?6 | vl 1

IV G LEVFl 21 PARKER D*Tt = 75069 16/*0/07

RE AL DATN0(21 4 > .DP(2)*1.LEKGTn12]41.POROS(21*1 ,Rn0(?l*).FL0*<2]4). 
6PSIG < 2141 .A(21*> <R(21*I • C (21 * 1 • N (21 * 1 .D£LP(21A) . T AURH (21*1 .SHE aw<2 
61*).SUPVEL(21*1 .GAV1 (21*1 .GAM2 121*1.G*m 3 <21 * 1 .GAM IF(21 *) .G1M2F(21* 
M  .GAM3F(214),CHl IF(21*),CHI2F(21*1.CHI3F(21*1 .EFFVI5(21*1»G0MEAS(2 
01*) »G0CALC(21*( .FF(21*).LFF (21*1.NRE(21*1.LNRE(21*1.CONST(21*1.CHI 
01(21*1.CH12(21*1.CHI 3(21*1 
READ (5.3) m.(DaTNO(I).DP(I>.LFNGTH(I).POROS(I).RHO(11.FLOW(I) .PS I 

OG ( 11 .1 = 1.Ml 
3 FORMAT (110/IFS.0.4F10.3.2F10.0))

READ (5.7) (A (1) ,B(I) .C(I 1 .N(I I.1 = 1.Ml
7 FOPMAI (2F10.0.2F10.3)

READ (b.5) (G AM 1F(I).GAM2F(I).GAM3F(I),1=1.Ml
S FORMAT (3F10.3)

READ (b « 9) (CHI IF(I) .CHI2F(I).CnI3F(I),1 = 1 .H)
9 FORMAT (3F10.5)

00 10 1=1.M
DELP(11=PSIG(I)*689*7•
TAURH(I)=(DEIP(I)/l ENGTH(I11®(0P(11/6.)"(POROSII>/tl.-POROS(I>>>
GAM1(I) = (N(I I *3. 1 / N (I 1 
GAM2(1)=(2.«N(I)•2.)/N(I)
OA»3U) = (3.®MJ) •l.l/NU)
GAMMA=1.K=0

20 SHEAR ( 1) =GAHMA- ( ( A ( I 1 "GAMMA ♦ (6(1 ) "GAMKA""N ( I 1 1 «E XP (-C ( I 1 "GAMMA""N (
fill))- TAURH(I))/IAII).((BII)®N(Il"GAMMA®*(N(I)-1.11"fXPI-C11)"GAMMA eo"N(I)))"(l.-C(I)"GAM.MA"«N(Il))
TE 5T = (SHEAR(I)-gamma 1/SHEAR(11 
IF (AriS(TEST).LE..001) GO TO 30 
K = K ♦ 1
1FIK.LT.20) GO TO 35 
wR1TE (6,25)

25 FORMAT {1X ,#SHEAR(I) DIO NOT CONVERGE IN 20 ITERATIONS')
GO TO 10 

35 g a m m a =Sh EAR(I)
GO TO 20

30 CHJ1(I)=(2.«C(I)"SHEAR(I1"«N(1>)
Ch I2(1)=(*."C(I)"Sh FAR(I)""N(I))
CH13(1)=(6."C(I)"Sh EAR(I)""N(11)
GOm EAE ( 1 1 =Fl Ov. ( I ) /*, 99* •
SUPVEL(11 = (OP(11 / 9.1•(POROS(11»"2./(1.-P0RO5(111)" (SHEAR(I)-(1./TA 

fcURH(I)® ® 3.)®(All 1 ""3."SHEAR(1)®"A./*.M3."R(I>®A(1)«"2./NIT))®((1. 
i./C(I))"o(GAMl(II)|"GAMlF(I)«(l.-CHllF(I))»(3."A(I)«R(I)"»2,/N(I))® 
4.((l./2."C(IH"®IGAM2(I)))"GAM2f(I)®(l.-CHl?F(I))*(B(I)»"3./N(Il)"( 
L(1./3.0C1I)1®*(GAm 3(I)))®GAM3F(I)"(].-CHI3F(I))))
EFFVIb(I 1=TAURH(I )/(SHEAR(I)-(1./TA 

LUPH(I)»"3.)"(A(I>®"3."SHEAS(I!""4./A.»(3."B(I)"A(I)o"2./N(I!>®((l. 
t/C(I))""(GAMl(I)))oGAMlF(I)"(l.-CHIlF(I))*(3."A(Il"FI(I)""2./N(I))"
L ( (l./2."C(I) 1"®(GAm 2(I1 1 1 "C-AM2F (II»(1.-Ch I2F (II). (B(I)""3./N (!))"(
4.(1./3."C(IH®"(GAM3(I)))"Gam3F (11 " (1 .-CHI3F (11 1 1 I 
FF(I)=(PHO(1)"DELP(I)/GOMEAS(II»"2.)«(DP(I)/LENGTH!I)1•(POPOSII)®® 

63./(1.-POROSII I 11 
LFF(I)=ALOGI F F (111
NRE(I 1 = (DPI 11"GCMEAS(I 1)/((1 .-POROSII))*EFFVIS(I>)
LNRE(11=ALOG(NRE (111
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Table C-YII (continued)
Calculation of Huang Model

Friction Factor-Reynolds Number

*Program to Calculate f and W o p.2re i eii
FORTRAN IV G LEVEL PARKER DATE = 75069 16/40/07

003b CONST(I)=FF(I)«NHE(I)
0039 G0CAIC111=RHOtI)°SUPVEL11)
00A0 10 CONTINUE
0041 WRITE (6.40)
0042 40 FORMAT (•1',IX,'Da TNO',5X,'DP',5X,'LENGTH',5X,'POROS'»5X.'RHO'.5X.

6 'Fl o w .5x,'p s i g '/i
0043 WRITE 16.50) (OATNO(I).DPII).LENGTHII).POROSII).RHO(I).FLOW(I)»PSI

S.C-II) .1 = 1,Ml
0044 50 FORMAT <F5.0,3F10.3,F8.3,2F9.0)
0045 WRITE (6.60)
0046 60 FORMAT I'1•,6X.'A',9X,'B',9X.'C•,9X.*N'/>
0047 WRITE (6,70) (All) ,B(l! ,C(I).N(I),I = 1,M)
0048 70 FORMAT (2F10.0,2F10.4)
0049 WRITE (6.80)
0050 80 FORMAT (' 1 • ,4X,'Ga m I ' »8X,'C-AM2',8X,'GAM3* .8X,'CHI1 • ,8X.'CHI2'«8X»'

BCh I3 • //)
0051 WRITE (6.90) (GAM 1 (I).GAM?(I).GAM3(I).CHI1 (1),CHI 2(I),CHI 3(I) «I = 1 .

1MI
0052 90 FORMAT (1X ,3F12.4.3F12.6)
0053 WRITE (6.93)
0054 93 FORMAT (•1'.5x.'GAM 1F •.5X.'GAM2F•,5X,'GAM3F•.5X»'CHI IF•,5X.•CH12FJ

& ,5x <'CH13F'/)
0055 WRITE (6,96) (GAm ]F (I) .GAM2F(I).GAM3F(I).CHI IF(I) .CHI2F(I)»CH13F(

L I ) . 1 = 1 ,M>
0056 96 FORMAT (3F10.3,3F10.5)
0057 WRITE (6.100)
0056 100 FORMAT (•1•,5X,•Ta URH'.8X,'SHEAR',6X,'SUPVEL'«6X,'EFFV1S'»6X,'GOCA

6LC',6X,'GOm EAS'/)
0059 wRITE (6.110) (TAURH(I).SHEAR<I).SUPVEL(I).EFFVIS(I).GOCALC(I>.GOM

LEAS(I).1=1,M)
0060 110 FORMAT (F12.0,2F12.4.F12.0,2F12.4)
0061 WRITE (6.120)
0062 120 FORMAT (•1'.6X,•FF•.9X.'NRE'»9X,>CONST•.7X,•LFF•,8X,•LNRE'✓>
0063 WRITE (6.130) (F F (I),NREtI),CONST(I),LFF(I).LNRE(I),I=1,M)
0064 1 30 FORMAT (F 11 . 0 .F 1 4 . 1 0 ,F 1 0 . 1, 2F11 . 3)
0065 STOP
0066 END
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Table C-VIII
Calculation of Ellis Model

Friction Factor-Reynolds Number

Technique
A program was written for calculating the Ellis 

model Reynolds number as given by equations (IV.2) and 
(IV.3). A simplified language, specific to the time-share 
system used, was programmed. The calculations are readily 
adaptable to Fortran IV. A copy of the program is attached 
as a continuation of Table C-VIII.
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Table C-VIII (continued)
Calculation of Ellis Model

Friction Factor-Reynolds Number

READY 
O L D :ELLIS
READY 
: F
3 GOMEAS =FLOW/A99A 
6 DELP=PSIG*689A7
1 0 FF1=CRH0*DELP)/(G0MEAS*G0MEAS)
20 FF2=DP/LENGTH
30 FF3=<POROS*POROS*POROS)/<1.-POROS)
AO FF=FF1*FF2*FF3 
50 NRE1=DP*GOMEAS/ETAO 
60 NRE2=1./(1.-POROS)
70 RH=(DP+POROS)/(6«*(l»-POROS))
80 TAURH=DELP*RH/LENGTH 
90 NREA=L0G(TAURH/TAU)
100 NRE5=EXP((ALPHA-1.)*NREA)
1 10 NRE3 = (1•+(A •+NRE5/(ALPHA + 3 •)))
120 NRE=NRE1*NRE2*NRE3
130 G0CALC=(RH0*RH*TAURH*P0R0S*NRE3)/(2.*ETA0) 
1 AO CONST=FF*NRE
150 REP FF »NRE> CONST t GOCALC »GOMEAS DIGITS 10 
160 LFF=LOGCFF)
170 LNRE=LOG(N R E )
180 REP LFF*LNRE DIGITS 12 
190 INP TTY

READY
BYE

OFF AT 09:AA



APPENDIX D. 
RHEOGONIOMETER EXPERIMENTAL RESULTS

Plate Title Page
Table D-I.l 100$ PS-6?8 'rests 20,21,22 1
Table D-I.2 100$ PS-678 frests 1--10,23 2
Table D-I.3 100$ ps-678 rrests 11,12,13 3
Table D-I.4 100$ ps-678 rrests 14,15,16 4
Table D-I.5 100$ PS-678 Tests 17,18,19 5
Table D-II.l 75/25 PS/PMMA Tests 81,82,83 6
Table D-II.2 75/25 PS/PMMA Tests 78,79,80 7
Table D-II.3 75/25 PS/PMMA Tests 75.76,77 8
Table D-II.4 75/25 PS/PMMA Tests 72,73.74 9
Table D-II.5 75/25 PS/PMMA Tests 69,70,71 10
Table D-III.1 50/50 PS/PMMA Tests 51,53 11
Table D-III.2 50/50 PS/PMMA Tests 39,40,41 12
Table D-III.3 50/50 PS/PMMA Tests 42,43,44 13
Table D-III.4 50/50 PS/PMMA Tests 45.46,47 14
Table D-III.5 50/50 PS/PMMA Tests 48,49,50 15
Table D-IV.l 25/75 PS/PMMA Tests 54,55,56 16
Table D-IV.2 25/75 PS/PMMA Tests 57,58,59 17
Table D-IV.3 25/75 PS/PMMA Tests 60,61,62 18
Table D-IV.4 25/75 PS/PMMA Tests 63,64,65 19
Table D-IV.5 25/75 PS/PMMA Tests 66,67,68 20
Table D-V.l 100$ PMMA-YM Tests 36,37,38 21
Table D-V.2 100$ PMMA-VM Tests 24,25,26 22
Table D-V.3 100$ PMMA-VM Tests 27,28,29 23
Table D-V.4 100$ PMMA-VM Tests 30,31,32 24
Table D-V.5 100$ PMMA-VM Tests 33,34,35 25
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APPENDIX E.
PACKED BED EXPERIMENTAL RESULTS

Plate Title
Table E-I.l
Table E-I.2
Table E-I.3
Table E-l.b
Table E-I.5
Table E-II.lTable E-II.2
Table E-II.3Table E-II.b
Table E-II.5
Table E-III.l
Table E-III.2
Table E-III.3Table E-III.i!-
Table E-III.5Table E-III.6
Table E-IV.l
Table E-IV.2
Table E-IV.3
Table E-IV.4
Table E-IV.5
Table E-V. 1
Table E-V.2
Table E-V. 3Table E-V. ̂
Table E-V. 5

100% PMMA-VM 
100% PMMA-VM 
100% PMMA-VM 
100% PMMA-VM 
100% PMMA-VM
75/25 PMMA/PS 
7 5 /2 5  PMMA/PS 
75/25 PMMA/PS 75/25 PMMA/PS 
75/25 PMMA/PS
5 0 /5 0 PMMA/PS 
50/50 PMMA/PS 
5 0 /5 0 PMMA/PS 
5 0 /5 0 pmma/ps 
5 0 /5 0 PMMA/PS 
5 0 /5 0 pmma/ps
25/75 pmma/ps 
25/75 pmma/ps 
25/75 pmma/ps 
25/75 pmma/ps 
25/75 PMMA/PS
100% PS-678 
100% PS-678 
100% PS-678 
100% PS-678 
100% PS-678

Blank
V-390 Beads 
V-280 Beads 
V-1607 Beads V-080 Beads
Blank
V-390 Beads 
V-280 Beads 
V-l607 Beads V-080 Beads
Blank
V-390 Beads 
V-280 Beads 
V-l607 Beads V-080 Beads 
P-0A7 Beads
Blank
V-390 Beads 
V-280 Beads 
V-1607 Beads V-080 Beads
Blank
V-390 Beads V-280 Beads 
V-1607 Beads V-080 Beads

Page
1
2
3
b
5
6
78
910

11
12
13
lb
1516
1718
1920 
21
22
23
2b
2526
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v o  C'-vO  
cvi v o  Ov 
rH  rH  rH

^HVOovcno 
O'cvO t>-
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APPENDIX F.
FRICTION FACTOR-REYNOLDS NUMBER

Plate Title Paee
Table F-l lOOfo PMMA-VM 1
Table F-2 75/25 PMMA/PS 2
Table F-3 50/50 pmma/ps h

Table F-k 25/75 pmma/ps 6

Table F-5 100% PS-678 8
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