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I. INTRODUCTION

In a proposal to DARPA dated March 27, 1989, the following objectives were
proposed for research in the field of processing of energetics:

1. To expand the source codes which are being developed for SDIO
(BMDOY)/IST in the area of co-rotating twin screw extrusion of highly filled
suspensions to processing of energetics in other continuous processors including
single screw extruders and oscillating shaft continuous kneaders.

2. To expand the source codes which are being developed for SDIO
(BMDOY)/IST in the area of co-rotating twin screw extrusion to incorporate system
components like dies. The simulation is to be relevant to energetic suspensions
which are generally viscoplastic.

3. To verify the numerical findings with experimental data.

4. To develop an in-house x-ray based diagnostic technique to determine the
mixing state of highly filled suspensions.

As will be shown in the following, the objectives (1-2) were met in conjunction
with viscoplastic fluid model (Herschel-Bulkiey fluid) and the simulation for single
screw extrusion could be verified with experimental data (objective 3). New x-ray
techniques were also developed to analyze the degree of mixing distributions to
satisfy objective 4.

II. RESULTS
2.1 Simulation of Single Screw Extrusion Process

A non-isothermal model of the single screw extrusion processing of
generalized Newtonian fluids was developed. Various temperature dependent
forms of generalized Newtonian fluid constitutive equation representing the
viscoplastic Herschel-Bulkley fluid and its simplifications including Bingham
Plastic, Power law of Ostwald-de Waele and Newtonian fluids are applicable. The
model includes the generally ignored transverse convection terms of the equation




of energy. The importance of keeping the transverse convection terms in the
analysis is demonstrated by applying the model and comparison of findings to
available experimental results involving the transverse flow temperature
distributions in single screw extruders. The numerical instabilities, arising
principally from the convection terms, generally encountered in high Peclet
number extrusion flows, could be eliminated by the use of the Streamline
Upwind/Petrov-Galerkin formulation. The model is sufficiently general to
accommodate Navier's wall slip at the wall boundary condition commonly
encountered during the processing of energetic suspensions.

Complete manuscripts which summarize these results are included in Appendix 1.

1. A. Lawal and D. M. Kalyon, "A Non-isothermal Model of Single Screw Extrusion Processing of
Viscoplastic Materials Subject to Wall Slip," Society of Plastics Engineers ANTEC Technical
Papers, 38 (1992) 2158-2161. ‘

2. A.Lawal and D. M. Kalyon, “Incorporation of Wall Slip in Non-isothermal Modeling of Single
Screw Extrusion Processing," Proceedings of the First International Conference on Transport
Phenomena in Processing, S. Guceri, ed., Technomic Publ. Co. (1992) 985-996.

3. Z.Ji, A. Gotsis and D. M. Kalyon, “Single Screw Extrusion Processing of Highly Filled
Suspensions Including Wall Slip,” Society of Plastics Engineers, ANTEC Technical Papers, 36
(1990) 160-163. :

4. A. Lawal and D. M. Kalyon, "A Non-isothermal Model of Single Screw Extrusion of Generalized
Newtonian Fluids," accepted for publication in Numerical Heat Transfer, December 1992,

2.2 Simulation of Oscillatory Kneaders

The oscillatory kneading flow was simulated in conjunction with the discontinuous
cavity flow. Tools of dynamics were applied to this flow in conjunction with
Generalized Newtonian Fluids, which are viscoplastic i.e., obey Herschel-Bulkley
constitutive equation.

The two-dimensional rectangular-cavity flow generated by either continuous or
discontinuous translation of one or two walls is an important model flow in efforts
to simulate mixing occurring in all types of continuous processors including
oscillatory kneaders. In this numerical study, the role of the viscoplasticity of the
General Newtonian Fluids in affecting their mixing behavior in the discontinuous,
isothermal and creeping cavity flow is investigated.




To study mixing effectiveness, various tools of dynamics including path line
tracking, Poincare” sections and Lyapunov exponents were employed along with
the numerical visualization of the deformations of discrete blobs of passive
tracers. The time evolution of the state of mixing represented by the fractional
coverage of the cavity area by the passive tracer, and influenced by the
development of chaotic mixing regions, is shown to be very different for
viscoplastic fluids in comparison to Newtonian and shear thinning fluids. Typical
results are shown in Figures 1 and 2, where the pathlines followed by the melt
particles in regular motion and the Poincare' section for conditions which lesd into
chaotic dynamics and mixing are shown.

2.3 Die Flows

Our source codes, which utilize the Finite Element Method were modified to allow
the simulation of die flows. The methods developed allowed the incorporation of
the rotation of the screw tip immediately preceding the flow channel. These yet-
to-be-published capabilities are very important especially for energetic materials
i.e., viscoplastic suspensions which exhibit yield stress. In the enclosed Figure 3
the typical development of the residence time distributions (pathlines followed by
melt particles) in a slit die are shown.

Depending on the initial location, some melt particles move at high rates, while
others take longer to go through the slit die. The role played by the inclusion of
the rotation of the screws is indicated in the helical flow at the entrance to the die.
The source code prepared under DARPA (ARPA) funding has already been used
in applications in other DoD programs, especially in the design of an on-line
rheometer. The U.S. Government has been provided with a non-exclusive
license on this invention.
2.4 Development of X-ray Based Diagnostic Techniques to Determine
the Mixing State in Highly Filled Suspensions

One of the most'challenging aspects of any mixing operation, where two
or more identifiable components are brought together, is the characterization of
the state of the mixture i.e., the degree of mixedness or the "goodness" of mixing.
in the non-diffusive mixing of a viscous polymeric binder with solid components,
the complete description of the state of the mixture would require the
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Pathlines followed by differsnt parficles

FIG. 3.—The FEM-based source codes developed at SIT include
the capabilities to merge modeling of die flows with flow in the twin
screw extruder. Here, the velocity distribution and the pathlines
followed by different particles close to the entry to the die and at the
die are shown.
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specification of the sizes, shapes, orientations and the positions of the ultimate
particles of the components.

Direct measurement techniques can provide detailed information on the
process and the development of the microstructure of the energetic composite.
The simplest technique which can be utilized to determine the mechanisms of
mixing in a batch or continuous mixer is the injection of a dye into a transparent
fluid and then to follow the distribution and the interfacial area growth of the non-
diffusive tracer. Such techniques were used earlier to analyze the mixing
mechanisms occurring in tangential and partially-full co-rotating twin screw
extruders. Ottino and co-workers have employed the flow visualization technique
to investigate the mechanisms of mixing in various time dependent flows, which
may be governed by chaotic dynamics. On the other hand, White and co-workers
have followed the spatial distribution of color incorporated elastomers to gain
insight into the mixing occurring in internal mixers. The dispersive mixing
aspects, in conjunction with simple shear flows, where the imposed stresses can
be monitored, were also characterized employing the cone and plate flow of a
transparent oil containing carbon black agglomerates.

If the materials of interest are opaque or if transparent barrel sections
cannot be built i.e., as typical for inert suspensions which emulate the behavior of
energetic suspensions or for energetic suspensions, the mechanisms of mixing
can be studied through "post-mortem" analysis. In this technique, generally a
distinguishable tracer is added into a mixer in a step or pulse fashion. Upon a
certain duration of mixing the mixture is systematically removed from the mixer
and sectioned to allow the investigation of distributive and dispersive mixing
aspects. Tadmor and co-workers have used this technique for probing the
mechanisms of laminar mixing occurring in co-rotating disk processors and to
follow dispersive mixing of rubber and carbon black formulations. Gokbora has
utilized pigmented polyethylene granules to investigate the state of mixedness
occurring in single screw extrusion processing. Kalyon and co-workers have
employed color incorporated thermoplastic elastomers, followed by computerized
image analysis, to investigate the distributive mixing of thermoplastic elastomers
in the reguiar flighted and kneading disc elements of twin screw extruders.




On the other hand, the rapid advent of imaging and sensing technology
has facilitated the introduction of various powerful techniques, including the
magnetic resonance imaging and x-ray based techniques, to the analyses of
opaque mixtures. Kalyon, Sinton and co-workers have employed magnetic
resonance imaging, wide-angle x-ray diffraction and x-ray radioscopy to
characterize the amount of air entrained into composite suspensions with
elastomeric binders during extrusion processing, which is related principally to
the degree of fill profile in the extruder. In conjunction with our DARPA (ARPA)
funding the energy dispersive x-ray and wide angle x-ray diffraction techniques
were adapted and developed for the characterization of goodness of mixing in
concentrated suspensions.

EXPERIMENTAL PROCEDURES MATERIAL PROCESSING AND SAMPLE
PREPARATION

The concentrated suspension of the preliminary demonstration study
consisted of a polymeric matrix and 76.5 volume percent of solids. The matrix
was hydroxyl terminated polybutadiene (HTPB) i.e., a commonly used binder in
energetics. The fillers were aluminum (Al) and ammonium sulfate (AS) in powder
form (commonly used simulants for energetics). Ammonium sulfate was bimodal
in particle size with seventy five percent coarse particles and twenty-five percent
fine particles. The mean particle sizes of the coarse and fine fractions of
ammonium sulfate were 200 and 20 microns, respectively. An APV MP50 twin
screw extruder with a screw length-to-diameter ratio of 15 was employed for
processing of the suspension samples.

CHARACTERIZATION OF MIXING INDICES

Various mixing indices which characterize the goodness of mixing of the
suspension samples were determined on the basis of the relative volume-fraction
measurements of the two filler materials by three principal analytical methods:
scanning electron microscopy (SEM), electron-probe energy-dispersive x-ray
analysis (EDX) and wide-angle x-ray diffractometry (XRD). Mixing indices were
determined at different scales of examination by varying the sample area through
alteration of the size of the electron and x-ray probes by several orders of




magnitude. The ratio of the volume fractions of the two fillers, aluminum (Al) and
ammonium sulfate (AS), ¢al/0as , was utilized as a measure of degree
mixedness of the sample.

If one makes N measurements of concentration cjof one of the
components, then the mean concentration is

N
E=—I:l—_2 C; (1)

i=1

where ¢ should not differ significantly from ¢, the overall concentration of the
component, unless a faulty sampling technique is used. The difference between
¢ and ¢ decreases as the finite number, N, of the characterized samples is
increased. The measured concentration values of the minor component also
depend on the sample size. These values approach the overall concentration of
the minor component ¢ as the sample size is increased.

A basic measure of the homogeneity of a mixture is the extent to which the
concentration in various regions of the volume of the mixture differ from the mean
concentration. The variance, s2, arising from the individual concentration, c;,
measurements, provides such an index to quantitatively assess the degree of
mixedness. The variance is given by

N

2 _ 1 __—2
° _(N—1),E1(C’ 2 @

A small variance value implies that most of the samples yield concentration, c;
values which are close to the mean ¢ of all samples, thus suggesting a
homogeneous system. The maximum variance occurs if the components are
completely segregated. Maximum variance is given by

s2=¢c(1-C) (3)
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If the variance is normalized to its maximum value the resulting parameter is
called the intensity of segregation, Iseg. This is given by

s s

s: ¢(1-¢)

I (4)

seg =

O

Intensity of segregation, Iseg, is another important index in evaluating goodness
of mixing or distribution. The intensity of segregation ranges from unity, for
completely segregated system, to zero, for a homogeneous system.

In the demonstration, the mean, variance and intensity of segregation of
the relative concentration fractions of the two fillers, aluminum and ammonium
sulfate, ¢a/das, were determined to assess the goodness of mixing. The overall
value of the relative volume concentration fraction of aluminum and ammonium
sulfate, oa/oas, was 0.20 £ 0.02, as specified during processing.

ANALYTICAL TECHNIQUES

Electron microscopy coupled with energy-dispersive x-ray analysis is a
powerful tool in the characterization of microstructure and the corresponding
elemental distribution in the multi-phase materialss. Here the two techniques
were utilized in synergy to obtain both qualitative and quantitative information on
the state of mixedness. First the spatial distribution of the filler particles was
determined by secondary-electron microscopic analysis. In order to distinguish
the aluminum and ammonium sulfate particles from each other, elemental
mappings of aluminum and sulfur were carried out with energy-dispersive x-ray
analysis at the same locations, where the secondary-electron images were taken.
The identity of each particle in the SEM images was thus determined for further
evaluation.

The energy-dispersive x-ray analyzer employs a solid state detector to
acquire the total spectrum of characteristic x rays from 0.75 to 20 keV (or more).
Large number of x-ray photons can be counted at all energy levels with the aid of
a multi-channel analyzer. This allows for the rapid evaluation of numerous
elements in the sample. The intensity of the characteristic x-radiation is
proportional to the concentration of the particular element in the sampling




)

volume. Intensity values, therefore, can be utilized for quantitative analysis. In
this study the relative atomic fractions of the two elements aluminum and sulfur
were measured by energy-dispersive x-ray analysis. Variation of the relative
atomic fractions of the two elements was utilized to assess the degree of
distributive mixedness. Standard samples were prepared by mixing controlled
amounts of aluminum and ammonium sulfate powders in order to calibrate the
measured values. According to this calibration the relative atomic fraction
proportionality factor kg at. was 1.21, i.e,,

N,/ Ng =121 27 / ¢gt' (5)

where ¢4 and ¢3" refer to the atomic concentrations of aluminum and sulfur.

The relative weight fraction and relative volume fraction values for aluminum and
ammonium sulfate components were then calculated from the relative atomic
fraction of aluminum and sulfur. The conversion factor from relative atomic to
relative weight fraction was 4.898 and from relative atomic to relative volume
fraction was 7.47. Molecular and crystal structure parameters of the two
components were used in determining these conversion factors. Finally, the
relative volume fraction proportionality factor kg yol. was 9.04, i.e.,

Ny /Ns =9.04 ¢X7l / ¢Xosl (6)

Energy-dispersive x-ray measurements were carried-out by using a series
of successively smaller probe sizes, at sites chosen systematically, by utilizing a
grid system. A JOEL 840 (40A resolution) scanning electron microscope with
Tractor Northern TN 5500 energy-dispersive x-ray analysis system was used in
these studies. The window thickness was 7.5 microns. The probe sizes in these
experiments were set at 80 mm2, 9 mm2, 1 mm2, 0.1 mm2 and 0.01 mm?2 to
determine the distributive mixing index, i.e., intensity of segregation, as a function
of the scale of examination.

X-ray diffractometry has been successfully applied for both qualitative and
quantitative phase analysis in multi phase materials. The particular advantage of
x-ray diffraction analysis is that it discloses the presence of a substance, as that
substance actually exists in the sample, and not in terms of its constituent
chemical elements. If the sample contains more than one compound or phase
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that constitute the same chemical elements, all these compounds are disclosed
by diffraction analysis. Quantitative analysis is also possible, because the
intensity of the diffraction pattern of a particular phase in a mixture of phases
depends on the concentration of that phase in the mixture. The relation between
integrated intensity Ix and volume fraction ¢x of a phase is generally nonlinear
since diffracted intensity depends strongly on the absorption coefficient of the
mixture um, which itself depends on the concentration. For a two-phase material,
(that with absorption coefficients p4 and p» for the two phases) the absorption
coefficient for the mixture becomes:

Hm = §1H1 + d2Hl2. (7)
The integrated intensity from phase 1 is then given by:
I1 = K1 ¢1/um (8)

where K1 is a constant that depends on the material and incident beam used but
not on the concentration. The ratio of intensities from two phases 1 and 2,
however, is independent of |y, and varies linearly with concentration:

I1/12 = (K1/K2) 01/¢2 (9)

In this study the ratio relative volume fractions of aluminum and ammonium
sulfate, oa/0as, was calculated from the integrated intensity ratio, 1a/Ias. These
measurements were carried out utilizing particular crystal-planes of the two filler
materials. Relatively high number of crystal-plane reflections were evaluated in
order to eliminate texture effects and to increase accuracy. Integrated intensities
of the first two reflections (111 and 200) of aluminum and the first five reflections
(002, 011, 102, 111 and 200) of ammonium sulfate were utilized for calculations.
The value of the Ka/Kas constant was taken as 0.489 for (111) planes. This
value was calculated according to the Vigorundum values listed by JCPDS. The
contribution of the absorption of the matrix to the absorption coefficient of the
mixture was less than 3 percent and, thus, it was negligible.

An automated GE wide-angle x-ray diffractometer was used for these
studies. Nickel filtered Cu K radiation at 30 kV and 15 mA was used. The
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scanning speed was one degree per minute. A 0.2 degree receiving slit was used
in all runs. The X-ray probe size was varied by using 3 degree and 0.4 degree
primary beam slits and a 8mm high window. The X-ray probe sizes used were
20mm x 8mm and 1mm x 8mm, respectively, at a Bragg angle, 6, of 20 degrees.

TYPICAL RESULTS AND DISCUSSION

In order to identify the aluminum and ammonium sulfate particles and to
carry-out the quantitative analysis of mixing indices, the elemental mappings of
aluminum and sulfur were carried-out using energy-dispersive x-ray analysis at
the same locations of the scanning electron micrographs. These elemental
mappings are shown in Figures 4b and 4c, respectively. As shown with
connecting arrows in Figure 4, EDX technique can identify which particles are
ammonium sulfate and which are aluminum.

The results of quantitative energy-dispersive x-ray analysis of the relative
volume fractions of aluminum and ammonium sulfate, da/das, are given in Figure
5. The statistical analysis of the results are listed in Table I. The variance of the
relative volume fraction, ¢a/d0as, depends on the probe size. The largest probe
size, 80 mm2, as expected, gives rise to the minimum variation in the volumetric
ratio. With the moderate probe sizes, which are in the 1 mm?2 to 10 mm? range,
the variance of the volume ratio remained the same. At the relatively smaller
probe sizes of 0.1 mm2 and 0.01 mm?2, the deviation of the relative volume
fraction of the two solid components from the mean increases considerably with
decreasing probe size. The marked change in the variance of the relative volume
fraction values between probe sizes 0.1 mm2 to 1 mm?2 is in good agreement with
the qualitative microstructural features observed in scanning electron
microscopy. Clustering of the particles in 300 to 600 micron diameter regions
should give rise to the observed scatter in the energy-dispersive x-ray analysis
results. Probes smaller than 0.01 mm?2 in size were not used, as these would be
in the same size range as the particle diameter of ammonium sulfate.

The 99% confidence intervals of the energy-dispersive x-ray analysis data
determined according to Student's-t-distribution are also included in Table I. The
mean of the data for all probe sizes is around 0.215-0.217. These mean values
agree with the input volumetric ratio thus suggesting the absence of systematic
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FIG. 4.— Microstructure and the matching elemental mappings of the filled suspension,
taken by energy-dispersive x-ray analyzer: (a) scanning electron micrograph at 370X
magnification, (b) matching aluminum mapping, (c) matching sulfur mapping.
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FIG. 5.— Variation of the relative volume fraction of the two
solid components, aluminum and ammonium sulfate, at different
locations of the mixture as a function of scale of examination

of energy-dispersive x-ray analysis.




TABLE |

STATISTICAL PARAMETERS OF THE RELATIVE VOLUME FRACTIONS,
DAIDPAS, FOR DIFFERENT EDX PROBE SIZES

Relative volume fraction,
dp/Pps, parameters

EDX Probe Size

80mm2 9mm2 1mm2 0.1 mm2 0.01 mm2

mean

standard deviation

99% confidence
interval

intensity of
segregation

0.216 0.215 0.217 0.217 0.216

0.007 0.024 0.025 0.034 0.069

+0.005 +0.014 +0.013 +0.018 +0.039

0.0003 0.0034 0.0037 0.0068 0.0281




errors. On the other hand, the standard deviation values increase from 0.007 at
the probe size of 80 mm?2 to 0.07 at a probe size of 0.01 mm?2, indicating that the
deviation from the mean increases by about one order of magnitude with the
decrease in the probe size. The confidence intervals again reflect the same
observation, with an increasing range around the mean as the probe size is
reduced. Obviously, if the probe size were reduced further, one would probe only
completely segregated regions, which would consist of either the aluminum or
ammonium sulfate single particles. Which probe size (scale of examination)
should be used for the characterization of the goodness of a given energetic
mixture? The scale of examination should be selected depending on the
application and the relevant ultimate properties of the mixture. For some
applications in energetics the sample area may be as large or larger than the
maximum probe size used in this analysis, i.e., 80 mm2. However, for other
applications it may be necessary to achieve a certain degree of mixedness at a
smaller scale of examination.

The results of the quantitative x-ray diffraction analysis of relative volume
fractions of aluminum and ammonium sulfate, by employing the relative
integrated intensities, are given in Figure 6. The statistical analysis of the results
are presented in Table Il. With x-ray diffractometry, the mean of the relative
volume fraction of aluminum in the solids, ¢a/das, was determined as 0.216. The
analysis was carried down to a probe size of 8 mm=2. Determination of the relative
integrated intensity, 1a/Ias, values at smaller probe sizes was found to be
complicated by the preferred crystallographic orientation exhibited by the
ammonium sulfate particles. This preferred orientation was especially evident
with 002, 200, or 202 planes. As seen in Figure 4, the ammonium sulfate
particles exhibit relatively flat and angular surfaces, which can be preferentially
oriented during processing. Since the samples are taken from random locations
and at random orientations from the extruded suspension, a variety of preferred
orientation characteristics were observed during x-ray diffractometry.

The x-ray diffractometry analysis also indicates that the various values of
deviation from the mean increase with decreasing scale of examination.
However, there are differences between the wide angle x-ray diffraction and
energy-dispersive x-ray analysis data that emanate from the applicable depth of
penetration. The electron beam used in energy-dispersive x-ray analysis is

12




Relative Volume Fraction

0.4 i | | 1 |

03 -
O

0.2 c_.:« S
®

0.1+ -

0.0 | | l | |

0.001 0.01 0.1 1 10 100 1000

Scale of Examination, mm?
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TABLE Il

STATISTICAL PARAMETERS OF THE RELATIVE VOLUME
FRACTIONS, ®a/®as, FOR DIFFERENT XRD PROBE SIZES

Relative volume fraction,
®p/dpg, parameters

mean

standard deviation

99% confidence interval

intensity of segregation

XRD Probe Size
160 mm?2 8 mm?2
0.216 0.216
0.012 0.029
10.012 +0.017
0.0009 0.0050




strongly absorbed at the surface and the x-ray photons that make it to the
detector come mostly from the top few microns depth. This depth is smaller than
the particle sizes of both solid components of the formulation. However, in the
wide-angle x-ray diffraction measurements 95% of the information is derived from
the top 50 to 100 microns of the suspension, depending on the filler type and the
diffraction angle 6. The penetration depth can be estimated from:

X = 3sinb /2um (10)

The penetration depth obtained with the x-ray diffraction technique is greater than
the electron probe measurements and, thus, x-ray diffraction results are more
representative of the bulk.

The intensity of segregation index, Iseg, values were determined from the
energy-dispersive x-ray and x-ray diffractometry data, as shown in Tables | and
Il. The intensity of segregation values increase with the decreasing scale of
examination in both techniques. The intensity values obtained with energy-
dispersive x-ray analysis and x-ray diffraction are close, indicating that both
techniques are capable of characterizing the degree of distributive mixedness of
the solid ingredients, thus fulfilling the objective of our DARPA proposal.

A comprehensive manuscript which summarizes the results (R. Yazici and D.
M. Kalyon, "Degree of Mixing Analyses of Concentrated Suspensions by Electron
Probe and X-Ray Diffraction," accepted for publication in Rubber Chem. and
Techn., October 1992) is included in the Appendix .

CONCLUSION & ACKNOWLEDGMENTS

The URI funding allowed us to expand our simulation capabilities for continuous
processors other than twin screw extruders and dies. Furthermore, the x-ray
diffraction and energy-dispersive x-ray based techniques allowed us to develop
quantitative techniques for the characterization of the degree of distributive
mixing of concentrated suspensions including energetics, which had never been
done before. The developed techniques will be used for DoD programs to
analyze energetic samples during 1994. Furthermore, a significant probability
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exists for the transfer of some of the characterization capabilities to the
commercial sector also.

We are grateful to DARPA (ARPA) for this support which made our research in
these areas possible and the continuing diligent guidance and encouragement of
our Program Director, Dr. Richard S. Miller, of ONR.
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1. INTRODUCTION
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mathemancal noguisrioes sround the comers and 1o swell ] with FEM

and viscoelashc modeis {7.8). &pnmuﬁ&ummlﬂnanman
angle screw extruders was sodied 10 [9) using mmpie 1-D and 2-D modeis and smmplified analyncal
expresnans. in the presest paper. 2Dp are for winch 0o anaivucai
soluncos are avaisbie.

1.1 Slip ar the Wall

mwmmu-m-mmmuMmmou'mmoﬂwinu
defined as the cafference berween the velocity of the solid wall surface (Vo) and the veloaty of the iayer
of the fhud adiacent to te wall (u). mwmwwugmuy!mwummuwMVw
shear stress (t.) (6]. & siso fownd m the saches of of dumb-bell modeis {7]. ln
gooeral. the ship veloary can be piven by {6):

u = Vo -wmait, -1,,J" [§3)
wh:umumuydmwlmg,.uunvdun!ulhnrmbdvvvﬁamﬂjpm
1.2 Consntunve Equation

A model with plastic viscomity T\, and yield stress T, was used 10 this
sudy. The viscomty funcnos 13 piven as {10]:

nm, 7, LI ERY o))
b

where the y coefh To depends on the specific energy wmput. according to the following
equanca:

T
"o T~ 9, )] @
and the specific energy mput sansfies {11}

DE, 9E, 3E, 3E, o .
B TR e ety @

where p 13 the denniry, Iylbummo(ummulﬂkhmmdmmmofm
stress.

The parameters T, and T, are also allowed o change with temperamre with so Amhemaus type of
reisnansiup:

To{T) = Ne{ToJexpi—8 1{T-T)] (5)
4(T) = 2 (Tolexp{=B"HT~T)]

where T is 2 reference iemperatre and 5’y and 871 are matenal parameters.
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y vanes aiong the chaonel Thus, st every secton aloag the channel, the veloaty

mmwmuwwm;mmm e q and
the Linear momentumn equanons Are soived.

.;i.%.o (6)
a—i—m%)' -3-1'1%)-- ;—P ®
i—(n%—)w%mt)--% 9

whers the Tis veloaity vector and P is the preswure.

mmﬂ:&tﬁﬁﬁuﬂmMﬂmﬁwmeGmmmemnaqmme%.
Details of this techmque were grven 1o {11). A pensity factor of 10° times the shesr visconty was used
in the calculanons.

The slip law m eq. (1) is & ination of the force b Y and velocity condmon 1o the
tangential direction of the boundary surface. However, the normal velocity on the same surface i3 an
exseonal. They wre qum difficult to coupie with FEM at the same boundary. To solve the probiem, we
preses bere 2 of the mo & oamml coadinon form by
uxroducing another penalty factor. To do 80, we first wrnte both the slip condition (bere we use the vaiue
mwl in eq. 1) and the speaified velocity condition as :

-
Vo =7
S-S,,«-(—Lam—' a0

(Vo-DeR=0 an

where ¥and % are the tangennal end the normal vectors of the sip boundary. respectively. A pensity
pansmews ¥, 1§ then introduced and eq. (11) is rewnaen 1 analogy to eq. (lO)lu'mnonnllcumpmm
N of the ziress vector at the slip boundary:

N.%&;-m.w (12)

Eq. (12) the (eq. 11) into the same form a8 eq. (10). and it becomes
equvaient 10 eq. (11) at the timit of v,~» O becanse N is finite s the boundary. In pracnce. the penaity
parameter Y, takes a very small vaive. This uamsformanon unplies no speafic matenai, oor speciiic
geometry of the boundary of the flow domsin and it is umversal in this sense. Of course. any kund of
b form of this 15 &iso app as long as 18 limit i3 eq. (11).

'n:Mdthebomduycaﬁﬁnnunfumo{q.(w)mﬂz)cn-hmdmmodifyme

uowmwwn;tommmummﬁmmummmm
unknowo veloctties. After the solution vecwr is found. the following equancn will give the “slip
veloaty” at each point at the wall:

u, = (Vo) o? a3




Nei afier the velocity 00 Previous Cross section are known. A
mmmmﬁmuz«uﬁmmm Crank-Nicoison method 15 wsed with FEM
10 solve the EneTRY equanon winch ts sesd:

u:i = -y, y- - u,iﬁ - .—c-'k‘?ly— .L(ki) a4
: ar o & a oy
2 au, ou,  om, e, o
e T T TR =T TS,
where beat slong z 8 d. The same 15 applied to solve the equation for the

specific eoergy wput. The matensl was asmumed (o bave an energy wput value of E, of 10°k] tkg o the
eory

3. RESULTS AND DISCUSSION

The mesb 10 the cajculancns aescninng the x-y cross secnon of the channei formed in a mngle screw
extruder 15 sbown 1 Fig. 1. The operanng condinons are gven in Table 1. The x and z components of the
barret velocity (V,, and V) that resuit from a 40 rpm rownonal speed of the screw are 32 mm/sec and
102 mnvsec respecuvely. The and thermal p 1n the present study for & test mawnal
we usied 10 Tabie 11 and have values rypical of a concentrated suspensicn of & solid filler withm &
poivmenc mamx (11] Velocxy. soess, tempersture and specific energy profies were calculated as &
funcnioo of x. y and 2.

The effect of the ¢isp on the veloaty profile 1 sbown in Fig 2 Here the slip velogty is pormalized over
the barrel vejoaity. 5o that the grapo shows the percent of slip st that wall. The amount of slip in the x
direcuooicurve 1) 15 pot affecied by the raie of pressunzation tn tx down channel duecuon, 88 # caly
reflects the shear stress t,, cnmpng along x. In the central part of the channel, the shp is slmost
coastant (about 28%). but 1t changes grestly near the aps. Calculatons show that the ahip aloog the screw
surtace is almost zero. The shp aloog z(curve 2 and 3) 13 affected by dP/dz refiecnng the changes of t,,
2100g X. AR, 1D & Ereat=r pomnoo of the central part of the channel the shp 15 more umform than the!
x-direcuon .with & smalier (about 15%) value. with much smalier value (less than 10%) for the slip m the
SCTew surtaceicurve 4 and 5). However. oear the two ups. the suip ts decreased toward wnde channel,
which 15 10 Contrast to the siip 1o x and y darections.

2 compooene veiocrry of the find with back flow 10 the channe} 1n the form of isovels are shown in Fig. 3
Shp effect 15 ciearty seen near the two ops. Inside the channel the contours of the sip and no-slip are
qualilaivelv same. but the slip recuces cramancally the magmoude. Tizs. of course. wiil reduce the wall
sDear sgess jevel. towal suess ievel. snd thus. the wpul energy ard the temperaure. If the contours of the
RIess wvanam end the specific eoergy wpoe were ploaad bere for both sip and Do sip cases. the
camours will show that sl makes thess castributions mare maform than those wath the 0o sixp conditon.

Tempersnare profiles 1 the fiow chanoal e shown io Fig. 4. (a) is the case with the no wall slip case.
and (b) 15 the alrp case. The cootowr of T couverges 10 300 K o0 the barsel. the sssumod sepperstore for
te barrel The of tm of the fmd m contact with the barrel as the boundary
condinon wswead of the e of 2 wall-Agid best transfer coeficent. may INUOMKE SOME ETOr (0 these
The o the sTew surface m comtwnanco with the opg remdence nmes
fesult 10 ugh values of T there. especaally 1 the no-ship case. The values of the tampersture wheo sifp 15
occurnng are lower than those obtxned with 6o sip & the wail, and the profile 15 more omfoem.

The efiect of the shp contiban oo the pressanzanon sbility of the extruder and the dependeace of the
ﬂnmmmmwanﬁmsmamhmmum
are mm and these two figures should be exammed sogether.
As 2 should be expected the Sow rae 1 wduced for the same rounanel speed, when the maserial siips o
mm.mummmmmm:uumwum. ADd empencal
equancn that fits the daza repored bere and reistes the fiow me and the pressunzaton for such &0
mmuﬂw.mmmﬂm-mvﬂmmlmnumww:

0 =02°10% (1-012°) Q- 007104 (1 + ) 52 (misec) as

By companng the coefficienss in the two rms. it can be soen from this equatios that the effect of the
wall sbp ts more p oo the effective loss of the ability of the extmder than oa the
decrease of the flow rae for 8 pven roational spoed. In other wards. for o demred pressunzanon rae the
Gow rme will decresse dramatically for bigh values of the sip coeficaent. when the rpm remmns the
ame.

4. CONCLUSIONS
A comprehensive mathematcal model of the singie screw extruncn process was developed using the

Finite Element Method and & oovel que was [ P the slip boundary condinon
at all walls. F the shear matenal fu was vaned with the specific energy mput.
Bmmpmmﬁcmgymmmuopdbehxwurmnnolmcmgo[h:gmy
filled suspenmons. Thus, the p should be especally useful for p

of such susp m sngie screw exaruders.

The model was apphad to & typical fiow of highly filled suspennons 1 2 mngle screw extuder. It was
iunﬂblﬂzmnnhndmgyn&adhﬂovﬁddm:mﬂemnﬂ:nﬂdmo{m

flow. The changping natare of the ity was foand, o bave a effect oo
quananes such a3 speciiic energy wput and temperature. O the other hand. the ability of the matenal to
shp &t the walls affects y the ap of the extroder. reducing the generssed

ﬂwm(w:pmmdtwumed:m On the other band, the shp decreases the

abihity of the . It rednces the energy that 15 accumnisted on the masenal a8 1t passes
unutme y aff the munng i of the mactune it also reduces the
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TABLE 1.

Operating Conditions and Geometry

of the Extruder

Screw Diameter = 50.8 mm
Pitch = 50.8 mm

' Screw Rotational Speed = 40 1pm

Injet Temperature =

Barrel Temperature = 300 K

Full Channels

300K

ANTEC '90/161
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TABLE 2.

Rheological and Thermal Properties
of the Test Material

Nw = 14000 Pa.s
T, = 1100 Pa
n=50 s

B =5%10" Jikg
Br=0

a=92*10"° m/Pa.s

Tcn'x=0 Pa

p = 1400 kg/m?
C, = 2000 J/kg.K
k=027 WimkK

-1 dp/dz=0,10 Mpasm

= i A\ T e 3 dp/dz=10 Mpa/m
- \Q\\— ~— -4 dp/dz=0 Mpa/m
N - - —5 dp/dz=10 Mpa/m

Figure |
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INCORPORATION OF WALL SLIP IN NON-ISOTHERMAL
MODELING OF SINGLE SCREW EXTRUSION PROCESSING

by
Adeniyi Lawal and Dilhan M. Kalyon

Highly Filled Materials Institute
Stevens Institute of Technology

INTRODUCTION

The single screw extruder is one of the most widely used continuous processors for
conveying of solids, melting, pressurization, blending, reactive extrusion and compounding of
a wide variety of materials. The experimental and/or simulation based knowledge gained over
the years has helped our understanding of the single screw extrusion process (1, 2), which in
turn has led to the improvement in the design of this processing machine.

In the numerical simulation of the flow dynamics and heat transfer occurring in the
single screw extrusion processing of a variety of complicated materials, including concentrated
suspensions, three complications are manifest. The geometry of the extruder is complex. This
can be effectively dealt with by using the finite element method in the solution of the
conservation equations. The second complication is related to the rheological behavior of non-
Newtonian materials. Besides exhibiting shear rate and temperature dependent material
functions, many materials also exhibit viscoplasticity, i.e. they possess a limiting stress (yield
stress) below which they experience little or no deformation and hence flow in a plug-like
manner. :

The third complication arises from the behavior of some viscoplastic materials at solid
boundaries. Experimental evidence shows conclusively that various materials, including
suspensions, gels and emulsions exhibit slip at the solid boundaries during flow and
deformation (3-11). The implication is that the commonly employed no-slip condition of
continuum mechanics is not applicable for a wide range of generally viscoplastic materials.
Wall-slip in pressure flows, especially the capillary flow has received considerable attention.
Mooney's (3) investigation of slip in capillary flow dates back to 1931. From available
experimental data on viscometric flows, it is now generally accepted that the slip velocity in
duct flows can be described by the Navier slip condition(12). A review of wall slip occurring
at solid boundaries is available, Schowalter (13).

1 A. Lawal and D. M. Kalyon




The numerical solution of flow and heat transfer of polymer melts is reviewed by
Nakazawa et al. (14) along with finite element solution of non-isothermal cavity flows of
Ostwald-de Waele model fluids. The generally encountered highly viscous nature of
processed materials implies significant viscous dissipation effects in single screw extrusion. In
the non-isothermal analysis of single screw extrusion, viscous dissipation and heat conduction
in the direction of screw depth were the first effects to be considered (15). Subsequently, heat
conduction in the other transverse direction (16) and more recently, heat convection in the
down channel direction (17) were included in the solution of the equation of energy. Overall,
most non-isothermal simulation studies of single screw extrusion have ignored the transverse
convection terms, possibly due to the fact that when both the channel direction and the
transverse convection terms are retained and become dominant, the commonly utilized standard
Bubnov-Galerkin method as well as its equivalent in the finite difference based methods, -
produces oscillations in the numerical solution. This numerical difficulty has long been
recognized in the finite difference and finite element literature. (18)

The standard technique for dealing with spurious oscillations associated with both
spatial and temporal discretizations of first derivatives involves the addition of an artificial
diffusion term into the numerical formulation (18). Artificial diffusion techniques for Galerkin
finite element methods can be accomplished by using modified forms of weighting functions
(Petrov-Galerkin) typically with test functions which are one degree higher than basis
functions (19). The artificial diffusion term can also be incorporated by modifying the test
functions by a perturbation, dependent upon the velocity field (20, 21), i.e. Streamline
Upwind/Petrov-Galerkin (SUPG) method. For a parabolic problem, which may arise from
time dependency (or in the case of steady state problems, from the existence of a predominant
flow direction), the structure of SUPG method is only preserved if time-space elements are
used(22).

In this study, we adopt an earlier developed method of incorporating the Navier slip
condition for flows in complex geometries (23). This method has been successful in handling
the slip condition under isothermal conditions. A modified Bingham plastic model (24) is used
to characterize the rheological behavior of viscoplastic materials, which avoids the need to
track yield surfaces. For the non-isothermal analysis in single screw extruders, the SUPG
formulation is further developed leading to an easy to implement algorithm and oscillation free
temperature solution. This model can be utilized to simulate the non-isothermal processing
behavior of materials like concentrated suspensions, which exhibit viscoplasticity as well as
wall slip. i

ANALYSIS

Flow Equations

The governing equations of the flow in the single screw extruder are given by the
general equations of conservation of mass and momentum, which are fully elliptic and three-
dimensional. But the solution of the complete set of three-dimensional equations is
unwarranted since experimental data indicate that certain simplifying assumptions (23) can be
made which will render the equations parabolic and therefore amenable to stepwise integration
in the z-direction (primary flow direction) from prescribed upstream conditions. Following the
parabolic flow analysis and introducing the following dimensionless variables:

X = RSX' y = Rsy* uUu = Rs(,l)u"I (18)
R . 3 ‘
n=mn,m" o =-"0o Q=RwQ (1b)
0 nO
p =nop* (1c)
.
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the equations of conservation of mass and momentum become:

_8;)(1 + %Eyl =0 (2)
=ean ) 3k 8
el ) b %)
w5030 ) o

where  is the angular velocity of the screw and the asterisk (*) has been suppressed in the
equations for convenience. The parabolic nature of these differential equations is preserved
through ppm the mean viscous pressure which has been defined for the primary flow direction,
z and is constant for any x-y plane. We assume that dppy/dz is constant. Equations (3a-b) can
now be handled separately from the channel direction equation (3c) and the penalty method is

used in approximating the pressure p . The procedure adopted in this study for the

implementation of wall slip is well described in (23) and is therefore not repeated here.
For the modified Bingham plastic model (24), the viscosity 7 is given by:

t,(1 - exp(- n'l7]))
n=|n, + K (4)
where 1, is the viscosity coefficient, Ty and n' are material parameters and lyl is defined for
our case, by:
.12 2 2 2 2 2
lyl = 2uxx + 2uy'y + (ux,y+uy,x) + U, + uz,y (5)

Energy Equation and Boundary Conditions

By order-of-magnitude analysis, it can be demonstrated that in the single screw
extruder, the transverse convection terms are not negligible. In fact, one of the transverse
convection terms is generally comparable to the channel direction convection term. However,
one can neglect heat conduction along the channel direction and assume steady state.With these
assumptions, the energy equation reduces to:
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oT oT T k (T 3%T) nf
-— - Uu.s- = + 6
Ueax T Yoy * Y20z pCp[axz ayz) pC, (6)

where p is the density, Cp the specific heat and k is the thermal conductivity. The fluid enters
the screw channel at a temperature T | and the barrel temperature is designated as Tb, which is

different from the entrance temperature. Variations in Tp in the channel direction are allowed.
The screw surface is assumed to be adiabatic. Since the velocity distribution can be
determined , this parabolic problem can be solved in a stepwise fashion along the channel
direction z. Equation 6 was solved with the above specified boundary conditions in (23) using
the Bubnov-Galerkin method. and the removal of oscillations in the temperature solution was
atternpted by a simple smoothing procedure. Here we implement the recently developed SUPG
method (which has rarely been implemented in polymer processing simulation) by introducing
weighting functions of the form:

W = W+w (7)

where W is a continuous function of space and w is a discontinuous perturbation of W. The
weak form of the energy equation is then given by:

Z+Az

’ 9T 27 2T k W72
J [W(ux5;+ u, y * u, 52) — (VW . VT) - }dD

z
2T k. i

where the last integral is over element interiors. The shape functions are chosen to satisfy the
boundary conditions on the barrel and must therefore vanish there.

The shape functions for the temperature are similar to those used for velocity in that
they are linear in the space coordinates but the weighting function W has a quadratic variation
in the z-coordinate to improve accuracy, while still retaining the linear form in x and y (22).
Since the thermal problem is parabolic, the integration in z in Eq. 8 can be carried out
independent of the other two directions producing a part with known values of T (a source
term) and the other containing values of T being sought. At this point, the solution procedure
adopted for the velocity equations can then be applied.

Several approaches have been suggested in the literature for the definition of the
perturbation function for SUPG. We have followed the method outlined by Hughes et al. [25].
In this analysis, an element in the arbitrary domain x.y, and z can be mapped into an
isoparametric element of unit dimension in each of the transformed co-ordinates &, %, and {.
An element mesh parameter can then be defined as

e - 2 ®

where ||u|| is the Euclidean norm of the velocities and b is given by
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d& & Ix dx ag
2 =
b< = (ux 5% + Uy 3y + (ux 3 * Yy ay | * (uz 37 (10)

Hughes et al. (25) have suggested that the perturbation function be taken as:

ene
oh'B . yw (11)

W= )]l

where,
1 pC,llul|h®
B = cothy®- — and ¥ = —S5— (12a, b)

y

A value of 0 = 1 was used by Hughes et al. (25). However, our numerical
experimentation revealed that the value of ¢ is dependent on such factors as the element
skewness and the flow and heat transfer parameters. Here it is recommended that ¢ be
adjusted until the solution is oscillation free. For the range of parameters considered in this
study, the values of 6 were between 0.3 and 0.4 and furnished satisfactory results.

RESULTS AND DISCUSSION

For the finite element solution of the conservation equations, the domain is discretized
by bilinear elements and the discretized equations for U , Uy Uz, and T in matrix form

were solved by standard techniques. The results to be presented (all in dimensionless form
defined in Equations la-1c) were obtained based on the operating and processing conditions
listed in Table 1. The operating conditions are in the range, which we typically utilize in our
experiments on industrial scale extruders.

Table 1.
OPERATING AND PROCESSING CONDITIONS
n=10 Radius of barrel (R,) =
2.54cm
1, =0.05 Helix angle 8 = 17.61°
n' = 80 p = 1400 kg/m®
a=1.0 Cp = 2000 J/kgK
Screw speed = 40 rpm k = 0.27 WmK

The effect of wall slip on the channel direction velocity uz is illustrated in Figs. 1a-b
for a positive pressure gradient (dpm/dz = 2.0). The velocity distribution varies uniformly

from the screw surface to the barrel for both conditions of wall stick (Fig. 1a) and wall slip.
Wall slip greatly modulates the magnitude of the velocity with the maximum decreasing from
0.953 to 0.2097 upon wall slip. This is also true for oth-. values of positive pressure gradient
not reported here. As the value of dpm/dz increase:  region of backflow appears, the
strength and size of which increase with increased slip | ameter. On the other hand, the wall
slip enhances channel direction velocity for negative * ‘ssure gradient. The corresponding
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t a down channel location of z = 0.5 are presented in
shifting of the region of lowest temperature
uring that the fluid feels more

dimensionless temperature distributions a
Figs. 2a-b. The effect of wall slip is essentially the
to approximately the center of the screw surface, thus ens

uniformly the effect of the barrel temperature.

Figure la: Channel direction velocity distribution for wall stick condition
(0. = 0 and dpp/dz = 2.0)

Figure 1b: Channel direction velocity distribution for wall slip condition
(¢ = 1.0 and dpm/dz = 2.0) ‘

Figure 2a: Dimensionless temperature distribution at channel location z = 0.5

for wall stick condition
6 A. Lawal and D. M. Kalyon




Figure 2b: Dimensionless temperature distribution at channel location z = 0.5
for wall slip condition (o = 1.0)

ZCro.

Fig. 3a displays the effect of wall slip parameter and pressure gradient on the xy-cross
sectional wall slip velocity distribution. The region AB represents the barrel surface while BA
is the screw surface. For the slip coefficient considered, i.e. 0.01 to 1 and for all values of
dimensionless pressure gradient dpm/dz, the slip velocity on the screw surface is effectively

plane
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Slip
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0.24
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=0.01 dp/dz =0.0
=0.01 dp/dz =2.0
=0.01 dp/dz =-20.0
=0.10 dp/dz =0.0
.10 dp/dz =2.0
.10 dp/dz =-20.0
.00 dp/dz =0.0
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Figure 3a: Slip velocity distribution along the screw surface for different
values of slip parameter and pressure drop
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The maxima which occur at the two tips of the screw are due to the small gaps at those
Jocations. On the barrel surface, the slip velocity increases as the slip parameter increases but
exhibits no appreciable dependence on the pressure gradient, either positive or negative. On the
other hand, the channel direction slip velocity is affected by both the slip parameter and the
pressure gradient with a reversal in behavior occurring from a change from negative to positive

-pressure gradient (Fig 3b).

3.0

dp/dz =0.0
a =0.01 dp/dz =2.0
a =0.01 dp/dz =-20.0

ve== o =0.10 dp/dz =0.0

o o =0.10 dp/dz =2.0

-. & =0.10 dp/dz =-20.0

2.0 -+« a =1.00 dp/dz =0.0

. a =1.00 dp/dz =2.0

« a =1.00 dp/dz =-20.0

dircvetion

channel

O -
[o-Kd)]
AN

N
NN

the

in

\'l'llli‘ily

Slip

1 0.00 0.45 0.90 1.35 1.80 2.25

Arclength along the screw boundary

Figure 3b: Channel direction slip velocity along the screw surface for different
values of slip parameter and pressure drop

Finally, in Fig.4, the effect of slip on the overall pressure drop versus the volume flow
rate relationship is depicted for positive pressure gradient values. Generally, for the same
pressure gradient, the flow rate is reduced by the occurrence of slip and the reverse is obtained

for negative pressure gradients.
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CONCLUSION

A non-isothermal model of the single screw extrusion processing with wall slip has
been developed using the Streamline Upwind/Petrov-Galerkin (SUPG) method. Wall slip
reduces the capacity of pressurization and also tends to produce more uniform temperature
distributions in the single screw channel. This model should generate a better predictive
understanding of the single screw processing of viscoplastic materials subject to wall slip.
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INTRODUCTION

The singie screw extruder is one of the most widely used
continuous processors for conveying of solids, melting, pressurization,
blending, reactive extrusion and compounding of a wide variety of
materials. The experimental and/or simutation based knowledge gained
over the years has helped our understanding of the single screw
extrusion process (1, 2), which in turn has led to the improvement in the
design of this processing machine.

In the numericat simuiation of the flow dynamics and heat transfer
occurring in the single screw extrusion processing of a variety of
complicated materials, including concentrated suspensions, three
complications are manitest. The geometry ot the extruder is complex.
This can be effectively deait with by using the finite element method in
the solution of the conservation equations. The second complication is
related to the rheological behavior of non-Newtonian materials. Besides
exhibiting shear rate and temperature dependent material functions,
many materials also exhibit viscoplasticity, i.e. they possess a limiting
stress (yield stress) below which they experience little or no deformation
and hence flow in a plug-like manner. .

The. third complication arises from the behavior of some
viscoplastic materials at solid boundaries. Experimental evidence shows
conclusively that various materials, including suspensions, geis and
emulsions exhibit slip at the solid boundaries during flow and
deformation (3-11). The implication is that the commonly empioyed no-
slip condition of continuum mechanics is not applicable for a wide range
of generally viscoplastic materiais. Wall-slip in pressure flows, especially
the capillary flow has received considerable attention. Mooney's (3)
investigation of slip in capillary flow dates back to 1931. From available
experimental data on viscometric flows, it is now generally accepted that
the slip velocity in duct flows can be described by the Navier slip
condition(12). A review of wall slip occurring at solid boundaries is
available, Schowaliter (13).

The numerical solution of flow and heat transfer of polymer melts
is reviewed by Nakazawa et al. (14) along with finite element solution of
non-isothermal cavity flows of Ostwald-de Wasele mode! fluids. The
generally encountered highly viscous nature of processed materials
implies significant viscous dissipation effects in single screw extrusion.
In the non-isothermal analysis of single screw extrusion, viscous
dissipation and heat conduction in the direction of screw depth were the
first effects to be considered (15). Subsequently, heat conduction in the
other transverse direction (16) and more recently, heat convection in the
down channel direction (17) were included in the solution of the equation
of energy. Overall, most non-isothermal simulation studies of single
screw extrusion have ignored the transverse convection terms, possibly
due to the fact that when both the channel direction and the transverse
convection terms are retained and become dominant, the commonly
utilized standard Bubnov-Galerkin method as welt as its equivalent in the
finite difference based methods, produces osciitations in the numerical
soiution. This numerical difficulty has long been recognized in the finite
difterence and finite element literature. (18)

The standard technique for dealing with spurious osciliations
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associated with both spatial and temporal discretizations of first
derivatives involves the addition of an artificial diffusion term into the
numerical formulation (18). Artificial diffusion techniques for Galerkin
finite element methods can be accomplished by using moditied forms of
weighting functions (Petrov-Galerkin) typically with test functions which
are one degree higher than basis functions (19). The artiticial ditfusion
term can aiso be incorporated by modifying the test functions by a
perturbation, dependent upon the vetocity field (20, 21), i.e. Streamline
Upwind/Petrov-Galerkin (SUPG) method. For a parabolic problem,
which may arise from time dependency (or in the case of steady state
probiems, from the existence of a predominant flow direction), the
structure of SUPG method is only preserved if time-space elements are
used(22).

In this study, we adopt an eariier developed method of
incorporating the Navier slip condition for flows in complex geometries
(23). This method has been successful in handling the slip condition
under isothermal conditions. A modified Bingham plastic mode! (24) is
used to characterize the rheoiogical behavior of viscoplastic materiats,
which avoids the need to track yield surfaces. For the non-isothermal
analysis in single screw extruders, the SUPG formulation is further
developed leading to an easy to implement algorithm and oscillation free
temperature solution. This modsel can be utilized to simulate the non-
isothermal processing behavior of materials like concentrated
suspensions, which exhibit viscoplasticity as well as wall slip.

ANALYSIS

Flow Equations

The governing equations of the flow in the single screw extruder
are given by the general equations of conservation of mass and
momentum, which are fully elliptic and three-dimensional. But the
solution of the compiete set of three-dimensional equations is
unwarranted since experimental data indicate that certain simpiitying
assumptions (23) can be made which will render the equations parabolic
and therefore amenable to stepwise integration in the z-direction
(primary flow direction) from prescribed upstream conditions. Following
the parabolic flow analysis and introducing the following dimensioniess
variables:

— —
x = R x* y =Ryy u =Rsmu' (1a)
Hs 3
n =14 a=—ca Q= Rl (1b)
Mo
P =mn0p° {1c)

the equations of conservation of mass and momentum become:

au au,
X Y _
3 * 3 = 0 (2)
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where o is the angular velocity of the screw and the asterisk (*) has been
suppressed in the equations for convenience. The parabolic nature of
these ditferential equations is preserved through pm the mean viscous
pressure which has been defined for the primary flow directon, z and is
constant for any x-y plane. We assume that dp,, / dz is constant .

Equations (3a-b) can now be handied separately from the channel
direction equation (3c) and the penaity method is used in approximating
the pressure p. The procedure adopted in this study for the

implementation of wali slip is well described in (23) and is therefore not
repeated here.
For the modified Bingham plastic mode! (24), the viscosity 7 is
given by:
(1 - exp(-n*iy 1))
n= T]o + I‘i | (4)

where 1, is the viscosity coefficient, t, and n' are material parameters

. y
and |y| is defined for our case, by:

12 _ n 2 2 2 2 2
Iyl = 2u, + 2uy'y + (ux.y*”y,x) Uy, Uy (5)

Energy Equation and Boundary Conditions

By order-of-magnitude analysis, it can be demonstrated that in the
single screw extruder, the transverse convection terms are not negligible.
In tact, one of the transverse convection terms is generally comparable to
the channel direction convection term. However, one can negiect heat
conduction atong the channel direction and assume steady state.With
these assumptions, the energy equation reduces to:

S AN« "

U-‘a*x + Uyé_y‘ + Uz§; = P_Cp ax2+ay2 + Pcp

where p is the density, Cp the specific heat and k is the thermal
conductivity. The fluid enters the screw channel at a temperature T,and
the barrel temperature is designated as Ty, which is different from the

entrance temperature. Variations in Tp in the channel direction are
allowed. The screw surface is assumed to be adiabatic. Since the
velocity distribution can be determined , this parabolic problem can be
solved in a stepwige fashion along the channel direction z. Equation 6
was solved with the above specified boundary conditions in (23) using
the Bubnov-Galerkin method, and the removal of oscillations in the
temperature solution was attempted by a simple smoothing procedure.
Here we implement the recently developed SUPG method (which has
rarely been implemented in polymer processing simulation) by
introducing weighting functions of the form:

W o= Wsew )
where W is a continuous function of space and w is a discontinuous

perturbation of W. The weak form of the energy equation is then given
by:

24402
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where the last integral is over element interiors. The shape functions are
chosen to satisfy the boundary conditions on the barrel and must
therefore vanish there.

The shape functions for the temperature are similar to those used
for velocity in that they are linear in the space coordinates but the
weighting function W has a quadratic variation in the z-coordinate to

improve accuracy, while still retaining the linear form in x and y (22).
Since the thermal problem is parabolic, the integration in z in Eq. 8 can
be carried out independent of the other two directions producing a part
with known values of T (a source term) and the other containing values of
T being sought. At this point, the solution procedure adopted for the
velocity equations can then be applied.

Several approaches have been suggested in the literature for the
definition of the perturbation function for SUPG. We have foliowed the
method outlined by Hughes et al. [25]. In this analysis, an element in the
arbitrary domain x,y, and z can be mapped into an isoparametric element
of unit dimension in each of the transformed co-ordinates £, x, and {. An
element mesh parameter can then be defined as

e _ £
h® = b (9)

where llull is the Euclidean norm of the velocities and b is given by

& % n, . u L4
2 s
bc = (uxax + uyayf + (uxax + uyay + (uzaz (10)

Hughes et al. (25) have suggested that the perturbation function be
taken as:

]
<’—haﬁu-Vw (11)

A TV

where,
1 pC_lullh®

B® = coth y®- — and y® = —B— (12a, b)
e 2k

A value of o = 1 was used by Hughes et al. (25). However, our
numerical experimentation revealed that the value of o is dependent on
such factors as the element skewness and the fiow and heat transfer
parameters. Here it is recommended that ¢ be adjusted until the solution
is oscillation free. For the range of parameters considered in this study,
the values of o were between 0.3 and 0.4 and furnished satisfactory
results.

RESULTS AND DISCUSSION

For the finite element solution of the conservation equations, the
domain is discretized by bilinear elements and the discretized equations
foru, , Uy, ug, and T in matrix form were solved by standard

techniques. The typical geometry of the single screw extruder used in this
study is shown in Fig. 1. The resuits to be presented (all in dimensionless
form defined in Equations 1a-1c) were obtained based on the operating
and processing conditions listed in Table 1. The operating conditions are
in the range, which we typically utilize in our experiments on industrial
scale extruders.

The eftect of wall slip on the channel direction velocity u, is
illustrated in Fig. 2 for a positive pressure gradient (dpm/dz =2.0). The
velocity distribution varies uniformly from the screw surface to the barret
for both conditions of wall stick (Fig. 2a) and wall slip. Wall slip greatly
modulates the magnitude of the velocity with the maximum decreasing
from 0.953 to 0.2097 upon wall slip. This is also true for other vaiues of
positive pressure gradient not reported here. As the value of dpm/dz
increases, a region of backflow appears, the strength and size of which
increase with increased slip parameter. On the other hand, the wall slip
enhances channel direction velocity for negative pressure gradient. The
corresponding dimensionless temperature distributions at a down
channel location of z = 0.5 are presented in Figs 3a-b. The effect of wall
slip is essentially the shifting of the region of lowest temperature to
approximately the center of the screw surface, thus ensuring that the fluid
feels more unitormly the effect of the barrel temperature.

Figure 4a dispiays the effect of wall slip parameter and pressure
gradient on the xy-cross sectional wall slip velocity distribution. The
region AB represents the barrel surface while BA is the screw surtace.
For the slip coefficient considered, i.e. 0.01 to 1 and for all values of
dimensionless pressure gradient dpm/dz, the slip velocity on the screw
surface is effectively zero. The maxima which occur at the two tips of the
screw are due to the small gaps at those locations. On the barrel surface,
the slip velocity increases as the slip parameter increases but exhibits no
appreciable dependence on the pressure gradient, either positive or
negative. On the other hand, the channel direction slip velocity is affected
by both the slip parameter and the pressure gradient with a reversal in
behavior occurring from a change from negative to positive pressure
gradient (Fig 4b). Finally, in Fig.5, the effect of slip on the overall pressure
drop versus the volume fiow rate relationship is depicted for positive
pressure gradient values. Generally, for the same pressure gradient, the
flow rate is reduced by the occurence of slip and the reverse is obtained
for negative pressure gradients.
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CONCLUSION

A non-isothermal model of the single screw extrusion processing
with wall slip has been developed using the Streamline Upwind /Petrov-
Galerkin (SUPG) method. Wall slip reduces the capacity of
pressurization and aiso tends to produce more uniform temperature
distributions in the single screw channel. This model should generate a
better predictive understanding of the singie screw processing of
viscoplastic materiais subject to wali slip.
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ABSTRACT

A non-isothermal model of the single screw extrusion processing of

generalized Newtonian fluids is presented. Various temperature dependent

forms of generalized Newtonian fluid constitutive equation representing the
Herschel-Bulkley fluid and its simplifications including Bingham Plastic, Power
law of Ostwald-de Waele and Newtonian fluids are applicable. The model
includes the generally ignored transverse convection terms of the equation of
energy. The importance of keeping the transverse convection terms in the
analysis is demonstrated by applying the model and comparison of findings to

" experimental results involving the transverse flow temperature distributions in

single screw extruders, available in the literature. The numerical instabilities,
arising principally from the convection terms, generally encountered in high
Peclet number extrusion flows could be eliminated by the use of the Streamline
Upwind/Petrov-Galerkin formulation. The model is sufficiently general to
accommodate Navier's wall slip at the wall boundary condition commonly
encountered during the processing of gels, and concentrated suspensions.

INTRODUCTION

The single screw extruder is one of the most widely used continuous
processors for conveying of solids, melting, pressurization, blending, reactive
extrusion and compounding of a wide variety of materials. The experimental
and/or simulation based knowledge gained over the years has helped our
understanding of the single screw extrusion process and are summarized in
various sources (1-5).

The numerical Solution of flow and heat transfer of polymer melts is
reviewed by Nakazawa et al. (6) along with the finite element solution of non-
isothermal cavity flows of Ostwald-de Waele model fluids. The generally
encountered highly viscous nature of processed materials implies significant
viscous dissipation effects in single screw extrusion. Fenner investigated
various solution methods available for the flow and deformation occurring in the
single screw extruder and compared the findings against experimental results
(2). The geometry of the single screw extruder is usually unwound in the
channel direction and the curvature effects are neglected. Zamodits and
Pearson (3) assumed the channel geometry to be rectangular but the effects of




the flight on the velocity distribution were ignored. Screw characteristic curves
of volume flow rate versus pressure generated for different values of power law
index were presented. Denson and Hwang, using the Finite Element Method,
analyzed the flow in several actual channel geometries but the fluid was
assumed to be Newtonian. An equation relating the throughput to the pressure

rise was developed (5).

In the non-isothermal analysis of single screw extrusion, viscous
dissipation and heat conduction in the direction of screw depth were the first
effects to be considered (7). Subsequently, heat conduction in the transverse
direction (8) and more recently, heat convection in the down channel direction
9) y\}ere included in the solution of the equation of energy. Overall, most non-
isothermal simulation studies of single screw extrusion have ignored the
transverse convection terms, possibly due to the fact that when both the channel
direction and the transverse convection terms are retained and become
dominant, the commonly utilized standard Bubnov-Galerkin method as well as
its equivalent in the finite difference based methods (i.e. the central difference
scheme), produces oscillations in the numerical solution. This numerical
difficulty has long been recognized in the finite difference and finite element
literature (10). '

The standard technique for dealing with spurious oscillations associated
with both spatial and temporal discretizations of first derivatives involves the
addition of an artificial diffusion term in the numerical formulation (10). Artificial
diffusion techniques for Galerkin finite element methods can be accomplished
by using modified forms of weighting functions (Petrov-Galerkin) typically with
test functions which are one degree higher than basis functions (11). The
artificial diffusion term can also be incorporated by modifying the test functions
by a perturbation, dependent upon the velocity field (12, 13), i.e. Streamline
Upwind/Petrov-Galerkin (SUPG) method. For a parabolic problem, which may
arise from time dependency (or in the case of steady state problems, from the
existence of a predominant flow direction), the structure of SUPG method is only
preserved if time-space elements are used (14). In the finite difference literature,
the spurious oscillations are. usually . remedied by. using a combination of
central-difference and upwind-difference formulations for the first order
derivatives (15), a procedure akin to the classical upwinding technique of the

.. finite element method.
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In the following, we present a new model of non-isothermal extrusion of -
generalized Newtonian fluids in single screw extruders. In the model, the
generally ignored transverse convection terms of the equation of energy are
included, in conjunction with the Streamline Upwind/Petrov-Galerkin
formulation of the Finite Element Method. The modeling results are compared
with the experimental results available in the literature to demonstrate the
importance of keeping the transverse convection terms. The model also has the
facility to include the Navier's wall slip boundary condition commonly
encountered with a variety of fluids (16-22). Various simplifications of the
Herschel-Bulkley viscoplastic fluid model, i.e., the Bingham Plastié, the Power-
law fluid of Ostwald-de Waele and the Newtonian fluid can be accommodated.

ANALYSIS
Flow Equations

The governing equations of the flow in the single screw extruder are
given by the general equations of conservation of mass and momentum, which
are fully elliptic and three-dimensional. But the solution of the complete set of
three-dimensional equations is unwarranted since experimental data indicate
that certain simplifying assumptions can be made which will render the
equations parabolic and therefore amenable to stepwise integration in the z-
direction (primary flow direction) from prescribed upstream conditions. These
assumptions are that:

(i) the inertia effect is negligible because of the highly viscous nature of the
generally polymeric materials used in extrusion and the creeping nature of
the resulting flow,

(i) the flow is steady, .

(i) the screw channel can be unwound in a helical direction of the screw,

(iv) the velocity derivatives along the channel are small compared with those
in the transverse directions except close to the entrance, and

(v) the barrel moves relative to the screw at an angle (i.e. the helix angle) to
the down channel direction with a constant velocity given by the screw
rotational speed and barrel diameter.




L

The parabolic flow analysis is followed and the following dimensionless
variables are introduced:

x=Rsx*,y=Rsy*,z=Rsz",u=Rsmu* . (1a)
n=me" T, Q= RS(»Q" (1b)
p=mo™*,  Pm=mow"Pm" - : (1c)

where Rgis the screw radius, o is screw rotational speed, m, and n are

material parameters and Q is the volumetric flow rate. The equations of
conservation of mass and momentum become: ‘

X Y r4 ’
x*y ta =0 @
3p o Y afu . du,\ -
T=§§(2n—ax—)+37 oy * ax) (3a)
3p _a(, M) af (A Yy | |
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z = ax\" ox )t oyl" 9y | (3¢)

where the asterisk (*) denoting the dimensionless forms of the variables has
been suppressed in the equations for convenience. The parabolic nature of
these differential equations is preserved through pm, the mean viscous pressure
which has been defined for the primary flow direction, z, and is constant for any
x-y plane. The down-channel direction pressure grédient, dpm/dz, which is a
function of the channel direction coordinate, z, for temperature depende'nt shear
viscosity, 'is determined by the requirement that the conservation of mass
constraint on the total volumetric flow rate is satisfied, i.e.:

Q- [ udD=0 . - @)
D




where Q is set by the specified inlet value of dpm/dz. The pressure p, is
allowed to vary in the transverse directions in such a way that the"continuity
equation (Eq. 2) is satisfied. Even though uz varies along the down-channel
direction z, it is assumed in Eq. 2 that step sizes in z direction are so small that
duz/oz is negligible compared with the other two terms. Equations 3a-b can now

be handled separately from the channel direction equation 3¢ and the penalty
method is used in approximating the pressure p .

Boundary Conditions and Implementation of Wall Slip

Applying Bubnov-Galerkin's method to Eqs 3a-b Ieads to the following
dimensionless residual equations:

[ve-TdD- [xn -Dyar, =0 (5)
D - rs - .
where = is the weighting function and T , the total stress tensor is as modified by

the parabolic flow assumption. On the boundaries, the traction n T can be
decomposed into the tangential and normal components to obtain:

[va-TdD- [xnt:Dtdr, - [=mn:Dndr, = o (6)
] T I

Ts Ty

where t and n are respectively the unit tangent and unit outward normal vectors
to the solid boundary. Egs. 3a-b are required to be satisfied on the boundary.
The conditions of wall slip and no material exchange between the fluvd and the
boundary in dimensionless form, can be expressed as:

tU-ugug) = B0t D - (7a)

n-{u-u

solid = © e A ()

where ug is the solid boundary velocity, u the flqid velocity, B* = (mc,con'1 /Rg)B

is the dimensionless Navier's slip coefficient, i.e., B = 0 gives no slipand f=o

is perfect slip. Eq. 7a is the Navier's slip condition as applicable to the two-
dimensional transverse plane (23).




Referring now to Eg. 6, for the implementation of the boundary
conditions, one observes that while the slip condition easily blends with it by -
providing the tangential component of the traction, the normal component
presents a difficulty as it is not recoverable from the second condition Eq. 7b,
which gives only the normal velocity. To resolve this, the essential condition of
normal velocity is transformed into a mixed condition (24):

nt :T = (U~ Usolid) -

I B (8a)
T Gl —x :solid) (8b)

where a new penalty parameter, A, has been introduced. As A_ — 0, Eq. 8b
! s s 9

becomes equivalent to Eq. 7b since the normal component of the traction must
be finite at the boundary. In practice, a A  value in the range 10710 - 10°18

produces a normal velocity difference of the same order of magnitude.
Equations 8a-b are now substituted into Eq. 6.to give: ‘

Va-T dD - [ xi (4= Usolid) tdls - n"’(“"”SO'id)ndr =0 (9)
t * s s
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For the channel direction momentum equation, the normal component of
traction does not exist which makes the incorporation of wall slip by the Galerkin

- method straightforward. The components of Ugolig O the screw root surface are

all zero while on the barrel, the solid boundary velocity Ugolige IS given in

dimensionless form as:

Usolid =ising+kcosg . (10)

where g is the helix angle of the screw and, I and K are unit vectors in x- and z-
directions respectively.
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Constitutive Model

The fluid is assumed to be a purely viscous fluid which can be
characterized rheologically by the generalized Newtonian fluid constitutive
relation:

T=-n1i" | ) (11)

where n is the shear viscosity material function, ¥ is the rate-of-deformation

tensor, and Y is the deformation rate. The dependence of the shear viscosity
material function on the deformation rate is assumed to follow the modified

Herschel-Bulkley model, which for a temperature dependent.viscosity is given
by:

= mlif 1+ 222 s I

where n is a material parameter which governs the sensitivity of the fluid to
deformation rate, 1y, the apparent yield stress, np, a stress g'rowth exponent, c’,
the temperature coefficient of viscosity, with To, the entrance temperature as the
reference temperature. The magnitude of the rate of-deformation tensor || is
defined for our case, by:

2 2 2 2

.12 2 |
|'y] = 2u, + 22U + (Ugy +Uy )" + Uy, + Uy (13)

where comma mdncates dnfferentlatlon If we introduce the following
dimensionless vanables ' .

1] = mh‘rl*,ty = momnty,nb =np/® ‘ (14)
then Eq. 12, in dimensionless form, becomes:

-1, r;(1 —exp(-npi]*))

o exp(~c'(T=To)) (15)

n*=| (")
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Various simplifications of the modified Herschel-Bulkley model include the
Ostwald-de Waele power-law fluid (r;, = 0), the Newtonian fluid (n=1, Ty = 0),

the modified Bingham plastic (Papanaétasiou (25), (n=1)), and the classical
Bingham plastic fluid above the yield point (n=1, n; =o0),

Energy Equation énd Boundary Cdnditions

By an order-of-magnitude analysis of the energy equation, it can be

demonstrated that in the single screw extruder, the importance of the transverse
convection terms (pCpuxaT/ax, pCPUyaT/ay ) relative to heat conduction in y-

direction scales as Pe u; H2/W where Pe =pCme§/k is the Peclet number, and

H and W are respectively, the dimensionless maximum depth and width of the
screw channel. Polymeric liquids generally have low thermal conductivity and,
moderately high values of p and Cp, hence high Peclet number. Therefore, the
transverse convection term will be negligible only for small H and, large W (i.e.
low aspect ratio geometries), and also for small helix angle. If the transverse
convection term is compared with the down channel convection term, the
transverse convection term will be negligible if the ratio uyz" /u,W is small,
where u, and u, are dimensionless. From the continuity equation, and the
choice of step size, u,/z is small, hence transverse convection can be ignored

only if W is very large or the helix angle very small, the same conditions as
earlier obtained. Since these conditions are rarely used in the design and
operation of realistic extruders, the transverse convection terms should be
included in the energy equation for the analysis of extrusion flows.

By a similar analysis, the quantity Peu,z governs\the relative
importance of the down channel convection to heat conduction in the down
channel direction. Therefore, except for low volume flow rates, and the region
very close to the entrance, one can neglect heat conduction in the down
channe! direction since the Peclet number is generally high. With these
assumptions and the assumption of steady state conditions, using the

“dimensionless temperature 0 = (T - To) / (Tp - To), the energy equation in

dimensionless form becomes:




' 0 90, 00) (9% 2% o2
Pe(uxs;+uy—+uz—a-;)=(&f+-a—y§)+(5n (lyl) (16)

where G=mom”"1(mRs)2/k(Tb- T,) is the Griffith number, (generally referred to

as the Brinkmann number for the Newtonian fluid) and the asterisk (*) denoting

" the dimensionless forms has been suppressed for the velocity components and ~

co-ordinates. The Griffith number indicates the relative importance of viscous
»dissipation effects to heat conduction.

The fluid enters the screw channel at a temperature T, The barrel
temperature is designated as Ty, and is different from the entrance temperature.
Variations in Tp along the channel direction are allowed. Although the model
can be used in conjunction with any type of thermal boundary condition, we will
restrict our demonstration here to the use of constant barrel temperature and
adiabatic screw surface. Thus, in dimensionless form, the initial and boundary

conditions become:

atz=0,06=0

on barrel surface 6 = 1
on screw surface 06 /on =0 (17a-c)

where n is the unit vector normal to screw surface. Since the velocity distribution
can be determined, this parabolic problem can be solved in a stepwise fashion
along the channel direction, z. Equation 16 was solved with the above specified
boundary conditions in (24). using the Bubnov-Galerkin method, and the
removal of oscillations in the temperature solution was attempted by a simple
smoothing procedure. Here we implement the recently developed SUPG
method (12-14), (which has rarely been implemented in polymer extrusion
simulation) by introducing weighting functions of the form:

W= Waw S (18)

where Wf is a continuous function of space and wl is a discontinuous
perturbation of Wf. The weighted residual form of the energy equation is then

given by:

10
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z ox

Z+Az _ _ _

- W'(ve- n)dI‘s}dz =0 (19)
]

The shape functions are chosen to satisfy the boundary conditions on the barrel
and must therefore vanish there.

Several approaches have been suggested in thé literature for the
definition of the perturbation function for SUPG. We have followed the method
outlined by Hughes et al. (26). In this analysis, an element in the arbitrary
. domain x,y, and z can be mapped into an isoparametric element of unit
dimension in each of the transformed serendipity coordinates &, y, and . An

element mesh parameter can then be defined as
he = 2l (20)

where ||u]| is the Euclidean norm of the velocities and b is given by

a& & ax ax 18
2 = - A& . —=
b = (ux x * Yy 3y + (ux x * Uy dy + U, 5, (21)

HUghes et al. (26) have suggested that the perturbation function be taken as:

Gheee . ) . .
f = ———u. . :
wh= S v vwt L (22
where,
e® = cothy®- 1 and Y =Peujjhe2. : " (233, b)
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NUMERICAL SOLUTION

Flow Equations

For the finite element solution of the momentum equations, the domain is

discretized by bilinear elements in x and y, and trial functions are chosen such
that:

Nod
=3 x*r (x,y) x?,n° e D® (24 a, b)
i=1

where D€ is an element domain, Nod is the number of nodes per element, and
nie is the trial function with x€ representing the velocity vector. The discretized

equations take the matrix form:

1>

x = f - o (25)

where A is the stiffness matrix and f is a force vector resulting from specified

nodal values or source term and the nodal unknowns are recovered from the
vector X.

Energy Equation

The shape functions for the temperature are similar to those used for
velocity in that they are linear in the space coordinates. The weighting function
Wf has a trilinear dependence on the x-, y-, and z- coordinates. Since the
thermal problem is parabolic, the integration_in z in Eq. 16 can be carried out
independent of the other two directions producing a part with known values of 6
(source term) and the other containing values of 6 being sought. At this point,
the solution procedure adopted for the velocity equations can then be applied.

12




The element mesh parameter h® , and the cell Peclet number ¥® in Egs.

20 and 23 were evaluated based on the velocity at the centroid of the element.
A value of 6 = 1 in Eqg. 22 was suggested by Hughes et al. (26). However, our

‘numerical experimentation revealed that the value of ¢ is dependent on such

factors as the element skewness and the flow and heat transfer parameters.
Here it is recommended that ¢ be adjusted until the solution is oscillation free.
For the range of parameters considered in this study, the values of ¢ were
between 0.5 and 3.0 and furnished satisfactory results.

Solution Procedure
At the inlet of the channel, the temperature distribution is known, hence

only the x-, y-, and z- velocity components are computed, based on a specified
value of the inlet pressure gradient dpm'/dz". The Picard iteration (27) is then

-utilized for the shear rate dependent shear viscosity. After convergence, the

volumetric flow rate is calculated. We proceed down the channel and as a first
step, solve for the temperature distribution. With a viscosity distribution based
on this temperature profile and the value of dpm'/dz" at the previous channel
location, for the second step, we solve for the velocity components and
calculate the volumetric flow rate. A new value of dpm /dz’ is obtained using the
secant method with the residual taken as the difference between the calculated
volumetric flow rate and that obtained at the inlet. This completes the second
step which is repeated until convergence on account of shear rate dependent
shear viscosity.

Subsequently, we solve for a new temperature distribution and go back
to the second step since the shear viscosity material function is temperature
dependent. This iterative procedure is continued until the volumetric flow rate
constraint (Eq. 4) is satisfied and simultaneously, the Euclidean norms of the

difference between successive iterates of u, and 8 are small, usually < 10-3.

Another step size is taken with the values of the variables at the previous

~channel location serving as the initial guesses. Convergence on the inner
_iteration for shear rate dependent shear viscosity is usually achieved in 4 to 8

iterations while the outer Picard iteration on account of the temperature
coefficient of viscosity may require_up to 10 iterations, with both values

13




depending on the channel location and the value of the temparature coefficient
of viscosity. When the backflow is significant but not severe, the SUPG method
provides reliable and accurate results when compared with the upwind
marching scheme of finite difference but the required number of iterations goes
up slightly. The allowable step size Az, is dictated by the stability of the
discretized temperature equation which is dependent on the thermal and flow
parameters. The dimensionless step size used in this study is 1.0.

. RESULTS AND DISCUSSION

The code was initially tested by comparison of the well-known results
available in the literature for the square cavity flow of a Newtonian fluid in
conjunction with the nvo-slip at the wall boundary condition. As indicated in Fig.
1a, excellent agreement was found between our results and the velocity profiles

reported by Burggraf (28). Furthermore, the difference between our computed

volume flow rate and that predicted by the empirical characteristic equation of
Denson and Hwang (5) for a single screw extruder was less than 5% for a wide
range of pressure rise values (Fig. 1b). In Fig. 1c, the temperature distribution
along the center-line of the channel for a temperature dependent shear
viscosity fluid as predicted numerically by Gopalakrishna et al. (29) for a
parallel-plate geometry without the transverse convection terms, is compared
with our computed results, also ignoring the transverse convection terms. It is
observed that the agreement is indeed very good, the slight difference between
the results can be attributed to the fact that our results are based on the actual
geometry of the single screw extruder with the curvature included to give rise to
slightly higher velocity gradients and consequenﬂ)} greater viscous dissipation
effects than the simplified parallel plate based calculations of Gopalakrishna et
al. (29). Other essential parts of the code have been similarly compared with
numerical results available in the literature to arrive at an optimum element size
distribution for accurate numerical predictions. However, experimental results
are necessary to validate the model.

The only experimental study which was aimed at determining the

temperature distribution in the extruder was carried out by Esseghir and Sernas
(30,31), who obtained experimental results of temperature distribution along the
center-line of the channel of a single screw extruder. The double flighted screw
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element used had a diameter of 30.6mm, channel depth of 0.31Rg, depth to
width ratio of 0.40, a helix angle of 16.2° and a pitch of 28mm. There were three
heat transfer sections along the axis of the barrel with the barrel ten'{perature in
each section maintained at a constant value. The fluid used was a corn syrup
with a temperature dependent shear viscosity, the rheological and
thermophysical properties of which were determined (30,31).

The first set of experimental temperature measurements chosen for
comparison (Fig. 2) were obtained with the first barrel section maintained at
220C, the same temperature as that of the fluid at the inlet of the extruder. The
solid/fluid interface temperatures at the second and third sections were kept at
11.9°C. In the second set of temperature measurements, results of which are
shown in Fig. 3a, the barrel wall temperatures for all the three heat transfer
sections were maintained at 12.2°C, while the inlet temperature of the fluid was
20.3°C. On the basis of the geometrical parameters of the screw element, a
finite element mesh was constructed. The required dimensionless parameters
in the equations of conservation of mass, momentum, and energy were
obtained from the operating conditions, thermophysical and rheological
properties. For both experirhental runs, the value of Peu; H2/W was determined
to be approximately 120, which suggests that transverse convection term may
not be negligible. Figures 2 and 3a show the comparison between the predicted
and experimental temperature distributions with the origin as the screw root

when the transverse convection terms are included in the energy equation. The

agreement is excellent and the differences are within typical experimental and
numerical error ranges. Furthermore, the temperature distributions confirm that
the adiabatic condition at the screw root is appropriate.

If the transverse convection terms in the equation of energy were

neglected, Figs. 2 and 3a also indicate that the numerical predictions would be

grossly in error. Therefore, this simple experiment demonstrates that the
commonly employed assumption of negligible transverse'convecti_on in single
screw extrusion may be inappropriate. Of course, .for a sufficiently long extruder
and, negligible viscous dissipation, as we approach the exit, all the temperature
values will approach that at the wall. This explains why the difference in
temperature values between the predictions with and without transverse
convection terms in the second experiment at 2z of 48. is less than that for the
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first experiment at z' =20. When the model predictions are compared for the
second experiment at z" of 20., Fig. 3b shows a greater difference between the
predicted temperature values with and without transverse convection terms. On
the other hand, the corresponding experimental values of the total pressure
generated in the extruder for the two experimental runs were 21.0 and 20.4 bars
while the numerical predictions are 15.4 and 16.3 bars respectively. This
agreement should be considered to be satisfactory noting that the experimental
operating conditions and, the geometry of the extruder were such that the
volume flow rate versus pressure gradient relationship exhibits a steep slope. A
5% experimental error in volume flow rate would account for the differences

obtained and, errors of this magnitude in volume fiow rate measurements are

not unexpected considering the method of acquisition of the data (31).

Since the Peclet number (3500) for the experimental conditions used
(30 31) is not high enough, the use of upwinding was not necessary. However,
for high Peclet numbers, the use of upwinding may be necessary. For example,
with the Peclet number at 28,000, Figs. 4a-b show that the temperature
distributions obtained with and without the use of SUPG method are totally
different.. This value of Pe is based on the operating conditions and physical
properties of Table 1, which are in the range we typically utilize in our own
experiments on industrial scale extruders. The unwound screw channel profile
is that of a screw element (Baker-Perkins 50.8mm machine ) with a channel
depth of 0.44Rg and depth to width ratio of 0.5. It is obvious that at this Peclet
number, the numerical predictions without SUPG are inaccurate since the
dimensionless temperature not only oscillates but also violates the physics of
the problem which precludes a temperature value less than that at the inlet (60
= 0.0). Such nega{ive values of temperature have also been reported
elsewhere, (32), when the central difference scheme (the equivalent of Bubnov-
Galerkin method) is implemented in the discretization of the convection terms of
the energy equation. When the Peclet number is increased to 2.8x105, the
temperature oscillations become more pronounced without the use of SUPG as

evidenced from Figs. 5a-b. All the results to be presented in the next section

pertain to the conditions |n Table 1 and other necessary parameters are
specified in the figures.

The model can be used to assess the importance of wall slip on
development of temperature distributions in extrusion flows. The effects of the

16




slip parameter on the dimensionless temperature distribution are depicted in
Figs. 6a-b. At the down channel location of z* = 20.0, the value of the minimum
dimensionless temperature within the channel decreases as the slip
parameter, B*, increases. Wall slip essentially reduces the local temperature.
The corresponding channel direction velocity distributions are shown in Figs.
7a-b. For the same volume flow rate, as the slip parameter increases, the size

.and strength of the backflow region, and the maximum downchanne! fluid

velocity decrease.

The development of the dimensionless pressure gradient along the
channel, presented in Fig. 8, shows that at any channel location, the pressure
gradient generated decreases as the slip parameter increases for a fixed
volume flow rate. Wall slip reduces the velocity gradients théreby reducing the
pressure gradient. In addition, very close to the entrance region, the high
velocity gradients result in an increase in the pressure gradient. Subsequently,
a decrease in viscosity arising from the temperature rise accounts for the
decrease of the pressure gradient down the channel.The effect of the ve'locity
gradient reduction on the temperature development will be, as expected, to
decrease the viscous dissipation effects and hence result in lower
dimensionless bulk temperature. This is confirmed by the results in Fig. 9 which
show a decreased value of dimensionless bulk temperature, 8p, as the slip
parameter increases, which was also suggested by the temperature profiles
reported in Figs. 6a-b.

CONCLUSION

A non-isothermal model of the single screw extrusion processing of .
generalized Newtonian fluids which includes the transverse convection terms in
~ the energy equation has been developed using the Streamline Upwind/Petrov-
Galerkin (SUPG) method. The numerical predictions of the code are in excellent -
agreement with experimental temperature measurements and other numerical

results available in the literature. The capabilities of the model were also
demonstrated by investigating the effect of the wall slip boundary condition,
commonly observed with a variety of materials including gels and concentrated
suspensions. This model should provide a better predictive understanding of
the single screw extrusion process.
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Table 1

OPERATING CONDITIONS AND PROPERTIES

':y* (t)/(moco”)) = 0.05 (dimensionless)

Radius of barrel (Rg) = 0.025m

np* (Npw) = 80 (dimensionless)

Helix angle g = 17.61°

w=42s1

|p=1400 kg/m® ~

1= 6,650. Pa Cp = 2000 J/kgK
rho = 35;000. Pa-s-' k = 0.27 W/mK
n=1.0 ¢/(Th-To)=2.0

Pe = 28,000-. G = 14.51
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DEGREE OF MIXING ANALYSES OF CONCENTRATED
SUSPENSIONS BY ELECTRON PROBE
AND X-RAY DIFFRACTION

R. Yazici AND D. M. KALYON

HicuLy FILLED MATERIALS INSTITUTE, STEVENS INSTITUTE OF TECHNOLOGY, HonokeN, New JErsky 07030

INTRODUCTION

One of the most challenging aspects of any mixing operation, where two or more iden-
tifiable components are brought together, is the characterization of the state of the mixture
i.e., the degree of mixedness or the “‘goodness” of mixing. In the nondiffusive mixing of a
viscous polymeric binder with solid components, the complete description of the state of
the mixture would require the specification of the sizes, shapes, orientations and the positions
of the ultimate particles of the components.

The techniques applied to characterize the degree of the mixedness of a composite would
involve either direct or indirect methods. Indirect methods include the determination of
some representative property including transmissive, reflective, resistivity, ultrasound and
rheological properties. Such techniques are ideal especially for product quality control, where
the relationship between the measured property and the uitimate property of interest is
apriori known. However, although such techniques are useful, they offer little insight into
the mechanisms and efficiency of the mixing operation.

On the other hand, direct measurement techniques can provide detailed information on
the process and the development of the microstructure of the composite. The simplest tech-
nique which can be utilized to determine the mechanisms of mixing in a batch or continuous
mixer is the injection of a dye into a transparent fluid and then to follow the distribution
and the interfacial area growth of the nondiffusive tracer. Such techniques were used by
Bigio and Erwin' and Bigio et al.? to analyze the mixing mechanisms occurring in tangential
and partially-full co-rotating twin screw extruders. Ottino® has employed the flow visual-
ization technique to investigate the mechanisms of mixing in various time dependent flows,
which may be governed by chaotic dynamics. On the other hand, Morikawa et al.* have
followed the spatial distribution of color incorporated elastomers to gain insight into the
mixing occurring in internal mixers. The dispersive mixing aspects, in conjunction with
simple shear flows, where the imposed stresses can be monitored, were also characterized
employing the cone and plate flow of a transparent oil containing carbon black agglomerates
(Rwei et al.®).

If the materials of interest are opaque or if transparent barre! sections cannot be built,
the mechanisms of mixing can be studied through “'post-mortem’ analysis. In this technique,
generally a distinguishable tracer is added into a mixer in a step or pulse fashion. After a
certain duration of mixing, the mixture is systematically removed and sectioned into parts
to allow the investigation of distributive and dispersive mixing aspects. David and Tadmor,?
have used this technique for probing the mechanisms of laminar mixing occurring in co-
rotating disk processors and to follow dispersive mixing of rubber and carbon black for-
mulations. Gokbora” has utilized pigmented polyethylene granules to investigate the state
ol mixedness occurring in single screw extrusion processing. Kubota et al.” have investigated
the flow mechanisms and mixing of rubber compounds in single screw extruders based on
the post-mortem analysis of tracer incorporated rubber strips upon screw pulling. Kalyon
and co-workers”'" have employed color incorporated thermoplastic elastomers, followed by
computerized image analysis, to investigate the distributive mixing of thermoplastic elas-
tomers in the regular flighted and kneading disc elements of twin screw extruders.
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On the other hand, the rapid advent of imaging and sensing technology has facilitated
the introduction of various powerful techniques, including the magnetic resonance imaging
and x-ray based techniques, to the analyses of opaque mixtures. Kalyon et al. " have employed
magnetic resonance imaging, wide-angle x-ray diffraction and x-ray radioscopy to characterize
the amount of air entrained into composite suspensions with elastomeric binders during
extrusion processing, which is related principally to the degree of fill profile in the extruder.
Techniques such as x-ray computed tomography were applied to the study and the quality
control of advanced composites,'? rocket motors,'” precision castings,''" ceramics'® and
assembled structures'” but have not been applied to the study of the state of mixedness.
The applications of various nondestructive evaluation techniques in the tire industry are
reviewed by Trivisonno.'® It may be envisioned that such powerful techniques, including
magnetic resonance imaging and computed tomography, with three dimensional and real-
time analysis capabililies, will be utilized widely for on-line process and product control of
various mixing and processing flows in the near future in many industries.

In this study the energy dispersive x-ray and wide angle x-ray diffraction techniques are
being introduced into the field of goodness of mixing measurements. The applicability of
these two techniques to the quantitative characterization of the distributive mixing occurring
in continuous mixers and the scale of examination effects has been demonstrated with a
highly filled suspension involving an elastomeric binder, i.e., hydroxyl terminated polybu-
tadiene, mixed with two different solid fillers.

EXPERIMENTAL PROCEDURES
MATERIAL PROCESSING AND SAMPLE PREPARATION

In this study, the concentrated suspension consisted of a polymeric matrix and 76.5
volume percent of solids. The matrix was hydroxyl terminated polybutadiene (HTPB) and
an antioxidant. The fillers were aluminum (Al) and ammonium sulfate (AS) in powder form.
Mean particle size of aluminum was 20 microns. Ammonium sulfate was bimodal in particle
size with 75% coarse particles and 25% fine particles. The mean particle sizes of the coarse
and fine fractions of ammonium sulfate were 200 and 20 microns, respectively.

An APV MP50 twin screw extruder with a screw length-to-diameter ratio of 15 was
employed for processing of the suspension samples. The extruder was equipped with a Zenith
gear pump for feeding of the liquid ingredients, a K-Tron volumetric feeder for the feeding
of aluminum and an Acrison loss-in-weight feeder for the feeding of ammonium sulfate. The
moisture content of ammonium sulfate was reduced to below 0.1%, before it was placed into
the hopper of the loss-in-weight feeder. This feeder was kept sealed at all times. The con-
ditions of the suspension preparation, including screw configuration and screw speed (43
rpm) were kept the same in all of the experiments. A vacuum port was installed and employed
in conjunction with specially designed devolatilization elements, **ball wings", to maximize
the surface-to-volume ratio of the suspension, for the satisfactory removal of the air entrained
at the earlier stages of processing. The devolatilization section was sealed by the die in the
upstream direction and a series of reversely configured fully-flighted conveying screw ele-
ments in the downstream direction. A Welch Duo-Seal vacuum pump was used to remove
the air from the suspension through a vacuum port.

The samples were collected from the exit of the die under steady-state conditions. Sample
cups with dimensions of 45 X 15 mm? and with 1 mm depth were filled flush, with the
suspension. The samples were kept frozen at all times to prevent segregation effects, except
during the duration of the microstructural analyses.

CHARACTERIZATION OF MIXING INDICES

Various mixing indices, which characterize the goodness ol mixing ol the suspension
samples, were determined on the basis of the relative volume-fraction measurements of the
two fitler materials by three principal analytical methods: scanning electron microscopy

/1T AAI21§SES7 0711901 07:56:18 LP: RCnT — 0003




MIXING ANALYSIS

0039

(SEM), electron-probe energy-dispersive x-ray analysis (EDX) and wide-angle x-ray diffrac-
tometry (XRD). Mixing indices were determined at different scales of examination by varying
the sample area through alteration of the size of the electron and x-ray probes by several
orders of magnitude. The ratio of the volume fractions of the two fillers, aluminum (AD) and
ammonium sulfate (AS), ¢/d.s, was utilized as a measure of degree mixedness of the sample.

In general, the quantitative description of the mixing quality or goodness of mixing of a
given mixture can be developed by comparison of the state of the mixture to the most complete
mixing state attainable.'” This complete mixing corresponds to statistical randomness of

the ultimate particles of the ingredients being mixed.?"

If one makes N measurements of concentration ¢, of one of the components, then the

mean concentration may be calculated according to

l N
TN

(D

where ¢ should not differ significantly from ¢, the overall concentration of the component,
unless a faulty sampling technique is used. The difference between ¢ and ¢ decreases as the
finite number N, of the characterized samples, is increased. The measured concentration
values of the minor component also depend on the sample size. These values approach the
overall concentration of the minor component ¢ as the sample size is increased.

A basic measure of the homogeneity of a mixture is the extent to which the concentration
values at various regions of the volume of the mixture differ from the mean concentration.
The variance s?, arising from the individual concentration ¢; measurements, provides such
an index to quantitatively assess the degree of mixedness. The variance is given by

2 1 s Ty2
s =a,—__T)Z(C:—C)-

i=)

A small variance value implies that most of the samples yield concentration ¢,

by

55 =&l - é).

(2)

values which
are close to the mean ¢ of all samples, thus suggesting a homogeneous system. The maximum
variance occurs if the components are completely segregated. Maximum variance is given

3

If the variance is normalized to its maximum value, the resulting parameter is called the

intensity of segregation, l,.,. This is given by

I g

(4)

Intensity of segregation Isg, is another important index in evaluating goodness of mixing or
distribution. The intensity of segregation ranges from unity, for completely segregated sys-

tem, to zero, for a homogeneous system.

In this study, the mean, variance and intensity of segregation of the relative concentration
fractions of the two fillers (aluminum and ammonium sulfate), ¢, /Py, were determined to
assess the goodness of mixing. The overall value of the relative volume concentration fractions
of aluminum and ammonium sulfate, ¢, /d.s, was 0.20 + 0.02, as specified during processing.

ANALYTICAL TECHNIQUES

Electron microscopy coupled with energy-dispersive x-ray analysis is a powerful tool in
the characterization of the microstructure and the corresponding elemental distributions in
multi-phase materials.? In this study the two techniques were utilized in synergy to obtain
both qualitative and quantitative information on the state of mixedness. First the spatial
distribution of the filler particles was determined by secondary-electron microscopic analysis.
In order to distinguish the aluminum and ammonium sulfate particles from each other, el-
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emental mappings of aluminum and sulfur were carried out with energy-dispersive x-ray
analysis at the same locations, where the secondary-electron images were taken. The identity
of each particle in the SEM images was thus determined for further evaluation.

Chemical analysis of materials in the scanning electron microscope is performed by mea-
suring the energy and intensity distribution of the x-ray signal generated by a focused
electron beam. A suficiently energetic electron beam may eject an inner-shell electron, leaving
the atom in an ionized or excited state with a vacancy in one of the shells. During subsequent
deexcitation of the atom, electron transition occurs from an outer shell to fill this vacancy.
The transition involves a change in energy. The excess energy which the excited atom contains
can be released in the form of a photon in the x-ray range of the electromagnetic spectrum.
Since the energy of the emitted x-ray is related to the dilference in energy between the
sharply defined levels of the particular atom, it is referred to as a characteristic x-ray. The
specific energies of the characteristic x-ray peaks for each element has been tabulated and
can be used to evaluate the unknown materials.

The energy-dispersive x-ray analyzer, shown schematically in Figure 1, employs a solid-
state detector to acquire the total spectrum of characteristic x-rays from 0.75 to 20 keV (or
more). Large numbers of x-ray photons can be counted at all energy levels with the aid of
a multi-channel analyzer. This allows for the rapid evaluation of numerous elements in the
sample.?'?

The intensity of the characteristic x-radiation is proportional to the concentration of the
particular element in the sampling volume. Intensity values, therefore, can be utilized for
quantitative analysis. The number of characteristic x-ray photons per second (N;) detected
from an element is given by:

Ny = Jkidy; ' 5)

where J is .the incident electron flux, ¢, is the concentration of the element 1, k, is a propor-
tionality factor that includes ionization cross-section, fluorescent yield, and detection effi-
ciency.

SECONDARY
ELECTRONS

SAMPLE ¢

Fii. 1. —Schematic drawing of the excited sample volume under electron beam
with secondary electron and x-riy emission.
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With computerized modern instruments the k, values are readily calculated and quanti-
tative analysis, accurate to 0.5 weight percent, is achieved for elements with an atomic
number higher than sodium.?! The absolute determination of the elemental concentration,
however, requires calibration with standard samples, especially when light elements are
present in the sample. Determination of relative concentrations of two elements in a specimen

can be reduced to:

%; = kpd1/ b2, (6)
where ky, is the relative proportionality factor for the two elements in a given mixture.

In this study the relative atomic fractions of the two elements aluminum and sulfur were
measured by energy-dispersive x-ray analysis. Variation of the relative atomic fractions of
the two elements was utilized to assess the degree of distributive mixedness. In order to
calibrate the measured values standard samples were prepared by mixing controlled amounts
of aluminum and ammonium sulfate powders. According to this calibration the relative
atomic fraction proportionality factor kg.a. was 1.21, i.e.,

N /Ns = 1-21¢:‘t/¢;‘. )

where ¢% and o5 refer to the atomic concentrations of aluminum and sulfur, respectively.

The relative weight fraction and relative volume fraction values for aluminum and am-
monium sulfate components were then calculated from the relative atomic fraction of alu-
minum and sulfur. The conversion factor from relative atomic to relative weight fraction
was 4.898 and from relative atomic to relative volume [raction was 7.47. Molecular and
crystal structure parameters® of the two components were used in determining these con-
version factors. Finally, the relative volume fraction proportionality factor kg was 9.04,

i.e.,
Na/Ns = 9.04¢51' /b5 . (8)

Energy-dispersive x-ray measurements were carried-out with a series of successively
smaller probes at sites chosen systematically, based on a grid system. A JOEL 840 (40 A
resolution) scanning electron microscope with Tractor Northern TN 5500 energy-dispersive
x-ray analysis system was used in these studies. Incident beam voltage was set at 15 kV.
The take-off angle of the x-rays (the angle of the x-ray detector with respect to the sample
surface) was set at 40 degrees. The window thickness was 7.5 microns. Multiple probe sizes
were used in these experiments (80 mm?, 9 mm?, 1 mm?, 0.1 mm? and 0.01 mm?) to determine
the distributive mixing index, i.e., intensity of segregation, as a function of the scale of
examination.

X-ray diffractometry has been successfully applied for both qualitative and quantitative
phase analysis in multi-phase materials.?*?® Upon irradiation with x-rays, a given substance
produces a characteristic diffraction pattern. Diffraction is essentially a scattering phenom-
enon in which a large number of atoms in the crystalline material, arranged periodically on
a lattice, scatter the x-rays in phase. These phase relations are such that destructive inter-
ference occurs in most directions of scattering; but in a few directions constructive inter-
ference takes place and diffracted beams are formed. According to Bragg's Law, the diffracted
beams make a 20 angle with respect to the incident beam, i.e.

A =2d Sind, 9)

where A is the wavelength of the x-rays of the incident beam and d is the spacing between
the atomic (lattice) planes of the crystalline material. Since the d-spacings between atomic
planes and their distribution in space (the crystal structure) is unique for each material,
the angular distribution of the diffraction peaks and their intensities (the diffraction pattern)
is also unique for a particular material. Diffraction patterns are obtained with diffractometers
equipped with suitable detectors. Qualitative analysis by x-ray diffraction is accomplished
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by identification of the particular diffraction pattern of a substance from the standard dif-
fraction tables.?

The particular advantage of x-ray diffraction analysis is that it discloses the presence
of a substance, as that substance actually exists in the sample, and not in terms of its con-
stituent chemical elements. If the sample contains more than one compound or phase that
constitute the same chemical elements, all these compounds are disclosed by diffraction
analysis. Quantitative analysis is also possible, because the intensity of the diffraction pattern
of a particular phase—in a mixture of phases—depends on the concentration of that phase
in the mixture. The relation between the integrated intensity I, and the volume fraction ¢,
of a phase is generally nonlinear since diffracted intensity depends strongly on the absorption
coefficient of the mixture, u,,, which itself depends on the concentration. For a two-phase
material, (with absorption coeflicients u, and u, for the individual phases) the absorption
coefficient for the mixture becomes:

Hm = ity + dopy. (10)
The integrated intensity from phase 1 is then given by?*":
Iy = K\¢1/ptm, (n

where K, is a constant that depends on the material and the incident beam used but not on
the concentration. The ratio of intensities from phases 1 and 2, however, is independent of
i, and varies linearly with concentration:

5L/ = (K\/K3)d1/ b2 (12)

In this study the ratio of relative volume fractions of aluminum and ammonium sulfate,
da/das, was calculated from the integrated intensity ratio I,,/1,s. These measurements were
carried out utilizing particular crystal-planes of the two filier materials. Relatively high
number of crystal-plane reflections were evaluated in order to eliminate texture effects and
to increase accuracy. Integrated intensities of the first two reflections (111 and 200) of
aluminum and the first five reflections (002, 011, 102, 111 and 200) of ammonium sullate
were utilized for calculations. The value of the K,, /K, constant was taken as 0.489 for (111)
planes. This value was calculated according to the I/, um values listed by JCPDS.?' The
contribution of the absorption of the matrix to the absorption coefficient of the mixture was
less than 3% and, thus, it was ignored. The relative volume fraction ¢, /¢, values were
further calibrated with measurements carried-out on standard samples.

An automated GE wide-angle x-ray diffractometer was used for these studies. Nickel
filtered Cu K, radiation at 30 kV and 15 mA was used. The scanning speed was one degree
per minute. A 0.2 degree receiving slit was used in all runs. The x-ray probe size was varied
by using 3 degree and 0.4 degree primary beam slits and a2 8 mm high window. The x-ray
probe sizes used were 20 mm X 8 mm (160 mm?) and | mm X 8 mm (8 mm?), respectively,
at a Bragg angle, 0, of 20 degrees.

RESULTS AND DISCUSSION

Typical SEM photomicrographs of the concentrated suspension sample are shown in
Figure 2 at two different magnifications. The smaller light-colored particles are aluminum
and the larger dark-gray particles are ammonium sulfate. The matrix is the dark colored
material found in between the particles. Some regions which are richer in either aluminum
or ammonium sulfate can be discerned. However, it is not possible with the available SEM
technology to distinguish and quantitatively characterize the concentration of each solid
component at a given location. The typical characteristic dimension of grouping/clustering
of alike particles is 400 to 600 microns. Pockets of matrix-rich regions are not observed upon
microscopic examination.

It is difficult to prepare samples with the image quality as indicated in Figure 2(a and
b). As shown in Figure 3 (panel a), usually the matrix covers the surface particles and blurs
the images. Removal of the matrix from the surface without disturbing the particle distri-
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Fi16. 2.—Scanning electron micrographs at two magnifications: (a) 60 X, (b) 200 X.

bution is not an easy task. Keeping the sample under vacuum for an extended time or selective
etching of the matrix works with limited success. In most cases a matrix layer covers the
surface and prevents the identification of the location of the particles. In order to identify
the aluminum and ammonium sulfate particles and to carry-out the quantitative analysis of
mixing ir/\dices, the elemental mappings of aluminum and sulfur were carried-out using energy-
dispersive x-ray analysis, EDX, at the same locations of the scanning electron micrographs.
These elemental mappings are shown in Figure
connecting arrows in Figure 3, the EDX technique canc
and aluminum particles.

3, panel b and c, respectively. As shown with
learly distinguish ammonium sulfate
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Fi6. 4.—Variation of the relative volume fraction of the two solid components, aluminum and ammonium sulfate,
at different locations of the mixture as a function of scale of examination of energy-dispersive x-ray analysis,

The results of the quantitative energy-dispersive x-ray analysis of the relative volume
fractions of aluminum and ammonium sulfate, ¢,,/d.s, are given in Figure 4. The statistical
analysis of the results are listed in Table I. The variance of the relative volume fraction ¢,/
#as, depends on the probe size. The largest probe size, 80 mm? gives rise to the minimum
variation in the volumetric ratio as expected. With the moderate probe sizes, 1 mm? to 10
mm? range, the variance of the volume ratio remains the same. At the relatively smaller
probe sizes of 0.1 mm? and 0.01 mm?, the deviation of the relative volume fraction of the
two solid components from the mean increases considerably with decreasing probe size. The
marked change in the variance of the relative volume fraction values between probe sizes
0.1 mm? to 1 mm? is in good agreement with the qualitative microstructural features observed
in scanning electron microscopy. Clustering of the particles in 300 to 600 micron diameter
regions should give rise to the observed scatter in the energy-dispersive x-ray analysis results.

TABLE |

STATISTICAL PARAMETERS OF THE RELATIVE VOLUME FRACTIONS, '_b,,,/_rl:,_v, FOR DIFFERENT EDX Prong Sizks

Relative volume
fraction, &/ ®Pas,

EDX probe size

parameters 80 mm* 9 mm? I mm? 0.1 mm? 0.01 mm?
mean 0.216 0.215 0.217 0.217 0.216
standard deviation 0.007 0.024 0.025 0.0:34 0.069
99% confidence interval +0.005 +0.014 +(.013 +0.018 +03.0:39
intensity of segregation 0.0003 0.0034 0.0037 0.0068 0.0281
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Probes smaller than 0.01 mm? in size were not used, since they are in the same size range
as the particle diameter of ammonium sulfate.

The 99% confidence intervals of the energy-dispersive x-ray analysis data determined
according to Student’s-t-distribution are also included in Table I. The mean of the data for
all probe sizes is around 0.215-0.217. These mean values agree with the input volumetric
ratio, thus suggesting the absence of systematic errors. On the other hand, the standard
deviation values increase from 0.007 at the probe size of 80 mm? to 0.07 at a probe size of
0.01 mm? indicating that the deviation from the mean increases by about one order of
magnitude going from the largest to smallest probe. The confidence intervals again reflect
the same observation, with an increasing range around the mean as the probe size is reduced.
Obviously, if the probe size is reduced further, one would probe only the completely seg-
regated regions consisting of either aluminum or ammonium sulfate single particles.

Which probe size (scale of examination) should be used for the characterization of the
goodness of a given mixture? The scale of examination should be selected depending on the
application and the relevant ultimate properties of the mixture. For some applications the
sample area may be as large or larger than the maximum probe size used in this analysis,
i.e., 80 mm?. However, for other applications it may be necessary to achieve a certain degree
of mixedness at a smaller scale of examination.

The results of the quantitative x-ray diffraction analysis of relative volume [fractions of
aluminum and ammonium suifate, by employing the relative integrated intensities, are given
in Figure 5. The statistical analysis of these results are presented in Table II. With x-ray
diffractometry, the mean of the relative volume fraction values of aluminum in the solid
phase ¢/ das, was determined to be 0.216. Determination of the relative integrated intensity
Lu/l4s, values at the smaller probe size (8 mm?) was found to be complicated by the preferred
crystallographic orientation exhibited by the ammonium sulfate particles. This preferred
orientation was especially evident with 002, 200, or 202 planes. As seen in Figure 3, the

0.4 I L 1 | I

0.2 |- % i

Relative Volume Fraction

01 | -
0.0 ) 1 { 1 1
0.001 0.01 0.1 1 10 100 1000
. ) 9
Scale of Examination, mm
Fii. 5.—Variation of the relative volume fraction of the two solid components, sluminem and ammoniom solfate,
at different loeations of the mixture as a function of scale of examination of x-ray diffractometry.

/:J3 B612333889 07-13-9307:57:52 LP: RCaT — 0003




-----\-----

0046 RUBBER CHEMISTRY AND TECHNOLOGY Vou. 66

TanLE 11

STATISTICAL PARAMETERS OF THE RELATIVE VOLUME
FRACTIONS, ®4,/® 45, FOR DIFFERENT XRD PROBE Sizes

Relative volume XRD probe size
fraction, &4/ d,s,
parameters 160 mm? 8 mm?
mean 0.216 0.216
standard deviation 0.012 0.029
99% confidence interval +0.012 +0.017
intensity of segregation 0.0009 0.0050

ammonium sulfate particles exhibit relatively flat and angular surfaces, which can be pref-
erentially oriented during processing. Since the samples are taken from random locations
and at random orientations from the extruded suspension, a variety of preferred orientation
characteristics were observed during x-ray diffractometry.

The x-ray diffractometry analysis also indicates that the various values of deviation
from the mean increase with the decreasing scale of examination. However, there are dif-
ferences between the wide angle x-ray diffraction and energy-dispersive x-ray analysis data
that emanate from the applicable depth of penetration. The electron beam used in energy-
dispersive x-ray analysis is strongly absorbed at the surface thus the x-ray photons that
make it to the detector come mostly from thé top few microns depth. This depth is smaller
than the particle sizes of both solid components of the formulation. However, in the wide-
angle x-ray diffraction measurements 96% of the information is derived from the top 50 to
100 microns of the suspension, depending on the filler type and the diffraction angle #. The
penetration depth'\can be estimated from:

;% P

- x = 3 sin 6/21,,. (13)

The penetration depth obtained with the x-ray diffraction technique is greater than the

electron probe measurements and, thus, x-ray diffraction results are more representative of
the bulk.

The intensity of segregation index I,., values were determined {rom the energy-dispersive
x-ray and x-ray diffractometry data, as shown in Tables I and II. The intensity of segregation
values increase with the decreasing scale of examination in both techniques. The intensity
values obtained with energy-dispersive x-ray analysis and x-ray diffraction are close, in-
dicating that both techniques are capable of characterizing the degree of distributive mixed-
ness of the solid ingredients.

It should be noted that the applicabilities of the two techniques to various processes and
materials are different. Wide-angle x-ray diffraction may also be suitable for on-line analysis
of microstructural distributions and, thus, product quality control. However, the scale of
examination cannot be reduced beyond a certain threshold with x-ray diffraction, when
preferred orientation effects complicate the intensity ratio measurements. On the other hand,
the energy-dispersive x-ray analysis is post-mortem in nature and requires a lengthy analysis
and application of vacuum during characterization.

With a conventional EDX detector, as used in this study, the elemental mappings are
restricted to elements with atomic numbers above that of sodium. However, with other
currently commercially available EDX units, with windowless detectors, elements with atomic
numbers greater than or equal to five can also be mapped. On the other hand, the x-ray
diffraction technique is applicable to all semi-crystalline ingredients, regardless of their
atomic mass.
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CONCLUSIONS

Two x-ray based techniques involving energy-dispersive analysis and diffractometry were
introduced to the analyses of the degree of mixedness, i.e. the “‘goodness of mixing” of
concentrated suspensions. A hydroxyl terminated polybutadene matrix was mixed with
aluminum and ammonium sulfate. In the analysis, the ratio of the relative volume fractions
of the two solid components was used as the basis of the analytical evaluation. Both char-
acterization techniques are capable of determining the relative volume fraction of the two
solid components as a representative measurement of the distributive mixing efficiency and
both are sensitive to the scale of examination. The introduced techniques should be useful
in the better definition of the degree of mixedness as well as in resolving differences in
mixing efliciencies of various mixers used in processing of concentrated suspensions.
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