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Abstract - The Center for Advanced Engineering Fibers
and Films (CAEFF) is a U. S. National
Foundation Engineering Research Center. Parallel
numerical simulation and experimental research thrists
involve faculty from over eight distinct academic
disciplines.  To support the research activities of
students, a series of interdisciplinary courses, taht in
many cases by multiple faculty from different disqgplines,
has been developed. Individually, these coursesven the
spectrum of length scales from molecular modeling rad
polymer physics, through continuum modeling, and ugo
polymer processing. Taken as a series, they intrade
students to the fundamentals necessary to solve cplex

research problems, and to the team-based approach

required for challenges that emerge in a Center
conducting research ranging from polymer synthesito
commercial-scale polymer processing. To enhance eh

integration of students from different academic
backgrounds, e. @g. numerical simulation and
experimentation, these courses combine lectures,

interdisciplinary team-based projects, and experimats.
In this paper, we discuss the challenges and oppariities
of teaching interdisciplinary courses, and commenbn
the integration of the concurrent research activites into
the classroom experience.

education offerings beyond the university campus tthe
broader industrial community that we serve.

Index Terms — Continuum Modeling,
Length Scales, Molecular Modeling, Processing

INTRODUCTION

Science

Finally, we address the
responsibilities of a Research Center to expand its

Interdisciplinary,

and graduate level courses; and short courses for
professionals in related industries. Here, we $oon the
development and teaching of (primarily) graduatesle
courses that prepare students to contribute torébearch
activities of the CAEFF. Of particular note in sleecourses

is a focus on the multiple length scales that emeagd an
integration of students from a wide range of dikegs into
each course.

Two of the core engineering disciplines, Chemical
Engineering and Mechanical Engineering, typically
incorporate research activities related to polymeraterials.

In these fields, there is often a focus on eith@mtiouum-
level or process-level length scales. In PolyB&ence and
Chemistry departments, research on polymers ofiensks

on new product (polymer) development, in which kdng
scales characteristic of the molecular, or monomer,
dimension are most important. Given the intergigtary
research that an Engineering Research Center tlypica
supports, it is imperative that there is an intégra of
researchacross length scales, and this concept motivates the
development of a series of courses, that, takeetheg,
provide students with the fundamental background to
integrate concepts from a variety of disciplineo itheir
research activities.

This teaching across length scales is being engedra
by several trends in current engineering researéfirst,
computing power is increasing so that models can be
developed with increasingly complex components. esth
complexities are frequently manifested by more itetat
smaller length scales. Second, high value addediugts are
being designed in which the chemistry (and, indregg, the
biology), again at a molecular length scale, isngei
systematically manipulated. Third, empirical prexeand

product development is being supplemented by

The Center for Advanced Engineering Fibers and $ilmcomputational fluid dynamics, for example, thatlthsiiupon
(CAEFF) at Clemson University is one of approxinhate continuum, rather than process, length scales. effas a
twenty Engineering Research Center funded by th. U. whole, it is expected that teaching across lengties will

National Science Foundation. Additional financsaipport
comes from the State of South Carolina and fronustrihl
partners with interests in polymeric materials.e Mision of

the CAEFF is to “be the international leader in theheld by chemical

development of fibers, films, and related functiomaterials
through integrated systems research and educatomrgms
that combine molecular understanding, process iatmv,
and multi-scale modeling to impact industry, acageand
society.” To achieve this vision, parallel
simulation and experimental research thrusts ireséhculty
from over eight distinct academic disciplines arevesal

universities, including core partners Massachudegstute

of Technology and Clark Atlanta University. Coupleith

the extensive research program is a broad-basechiciu
program that includes outreach to high-school sttgje
undergraduate research opportunities; formal umddtmte
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numerica

become a more integral part of undergraduate, dk age
graduate, engineering education, as is proposed by
Armstrong [1] in work summarizing a series of wdré@ps
engineering faculty and industrial
representatives.

In this paper, we introduce and discuss a portfofio
interdisciplinary courses developed and taught iwitthe
Center for Advanced Engineering Fibers and Filmisken
individually, these courses offer the student teequisite
background material to conduct research activiiiesa
narrowly focused area. Taken as an integrateceseaf
coursework, the classes provide students with anview of
the research activities within the CAEFF, and esabl
students to integrate their particular researchbrasts and
activities within the greater mission of the ReshaCenter
as a whole. Because of teeplicit interdisciplinary nature
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of the courses, students from a variety of disogdi are
encouraged to
classroom (and ultimately, research-based) inter&twith
a wide range of collaborators. Furthermore, théeseof
courses enables a student to explicitly study, iforanal

may bring a detailed knowledge of polymer structarel

learn about different fields and douil behavior (at the monomer length scale) to a grofip o

Engineering students who more commonly approach
problems from the continuum length scale. Thishexge of
ideas enhances the learning for all students, amdduces

classroom environment, aspects of polymer scienwé a the broad spectrum of ideas and approaches thaftten

engineering on length scales ranging from the Awngst

level found in chemical bonds through the meterlesca

encountered in industrial-scale polymer processing.

Our paper is organized in the following sectior(§) a
discussion on the diversity of the backgrounds toflent
participants, motivating some of the course devalpt and
syllabi; (2) a description of the coursework thrbulgrief
synopses as well as a discussion on the integraticthe
length scales relevant to the lectures, and, inescases, the
experiments; (3) a discussion, based upon chaistater
length scales, on the integration of the coursewaith
research activities; (4) an introduction to the rslomurses
for industry personnel, again with a focus on tkegth
scales of interest; and (5) conclusions.

STUDENT BACKGROUNDS

In this paper, we focus on graduate-level courskwdfiered
through the interdisciplinary CAEFF. Students cdnoen a
wide range of academic disciplines (see Tablen), @& such
bring a wide range of skill sets to the CAEFF cearsThese
differences are both a challenge and an opportuniepr

example, we find that some (incoming Mathematicalciemson

Sciences) students do not know what a polymemid,raust
be introduced to this concept and some typical alisu
representations before they can understand theematical
framework, succeed in a class, or conduct an assaci
research project. Therefore, in each class sonheleatures

leads to important scientific advances.
COURSES OFFERED

In this section, we introduce each of the coursiered

through the Center for Advanced Engineering Fibemnsl

Films. Table Il provides course titles, the ingfin at

which each course is offered, and the primary lerggtale
associated with the material covered in the courdes the
lead institution in the CAEFF, most of the course®

offered at the Clemson campus. To encourage sisiden
enroll in a broad range of classes, most CAEFFsasuare
cross-listed in several of the disciplines repressrwithin

the Research Center.

TABLE Il
COURSES OFFERED THROUGRAEFF

Location Title Length Scale
Clemson Molecular Modeling of Polymers Molecular
Clemson Diffusion through Polymers Molecular
Clemson Polymer Physics Molecular
MIT Molecular Modeling Molecular
Clemson Fiber and Film Systems: Modelingcontinuum

and Simulation

Rheology Continuum
Lehigh  Rheology Continuum
Clemson Introduction to Fiber and Film Processing
Systems
Clemson Techniques for Characterizing Multiple
Fiber and Films
Lehigh  Polymer Science and EngineeringMultiple

and assignments are dedicated to providing a baste

introduction to the topic prior to commencing withe
graduate-level coursework. While this may be nevier
some students, it ensures that for the majoritthefcourse
lectures, every student has the appropriate fundehe
background necessary.

TABLE |
DISCIPLINES REPRESENTED IN CAEFF

Institution Discipline

Clemson Chemical and Biomolecular Engineering
Materials Science

Mechanical Engineering

Chemistry

Mathematical Sciences

Physics

Computer Science

Bioengineering

Electrical and Computer Engineering
Chemical Engineering

Chemical Engineering

Chemistry

Chemical Engineering

Mechanical Engineering

MIT

Lehigh

Clark Atlanta
McGill

lllinois

The positive aspect of these various student backgts
is that students can work together and teach omthan
outside of the lecture by building upon the skiligt each
student brings to the class. For example, a Clignstudent
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Because of the broad range of academic departments
involved in the CAEFF at Clemson, most of the ceurs
offerings include students from several of the acaid
disciplines represented in Table I. In most classaudents
are encouraged to work with each other on homework
problems. Team-based projects are assigned ower th
semester. Again, these teams are interdisciplingry
encourage the sharing of ideas and to foster lat®earch
collaborations between both research groups andeaua
disciplines. An example of how this works may barfd in
the modeling courses. The chemists understand how
polymer architecture affects thermal behavior; éhgineers
understand the effect of processing variables, &mel
mathematicians have the computational background
necessary for solving systems of equations nunibrica

As discussed above, length scales investigatedinwith
the research framework of CAEFF range from those
associated with polymer processing (meters) to kbad
length between atoms in a polymer backbone (Angstjo
Figure 1 demonstrates how the research activifias shese
scales, and how the coursework is organized to phevide
both compartmentalized and broad-based content. aAs
consequence, students may cover the spectrum gthlen
scales in their classes or devote their studies particular
area.
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>
Molecular Continuum Process
FIGURE 1
THE IMPACT OFLENGTH SCALES ONCAEFFRESEARCH ANDCOURSE
DEVELOPMENT.

I. Introduction to Fiber and Film Systems

This course is designed to provide students with a
introduction to polymeric fibers and films. An

interdisciplinary, systems approach is used to @rphow
the processing variables in the system affect thetsire and
properties of the resulting fiber and films. Theesific

learning objectives are to provide students with

introduction to the following aspects of fiber ariitim

manufacturing:  polymers; extrusion; fiber spinnirfdm

extrusion; and structure-property relationshipss séich, the
process length scale dominates the course comtiixugh
continuum quantities are discussed in terms ofrfitm@

properties. Incorporated into this introductoryuse are
visits to industrial facilities.

I1. Molecular Modeling

This course is devoted to providing students witlsodid
foundation in classical simulation techniques, atheén
applying these techniques to engineering applinatio
Topics covered include: statistical mechanics; aintand
inter-molecular potentials; molecular dynamics, Ko@arlo
methods; atomistic simulation techniques; and apptins
to gas transport and x-ray diffraction. Obviousthe
dominant length scale is molecular, and theredsraection

made with numerical simulations and experimenta
measurements such as degree of crystallinity. Th

Engineering Research Center contributes softwareldped
“in-house” for both lecture examples and team-badadent
projects.

[11. Diffusion through Polymers

The primary goal of this course is to teach stuslethie
fundamentals that govern the mass transfer of saad
large molecules in polymeric materials such asdilnirhe
class starts with Fickian diffusion, and moves onntore

complex models for polymeric systems including semi

crystalline materials and polymer-polymer systemsThe
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theoretical, molecular level framework is integtateith
continuum approaches. Predictions are discusstatrims of
direct experimental data.

IV. Polymer Physics

The focus of this course is to introduce studentslassical
and contemporary approaches to polymer physicd) wit
focus on the structure and properties of polyméutems.
The course starts with the structure and dynanfi¢sotated
polymer chains, and progresses to dilute, semtaliand
entangled systems as well as bulk behavior. s thi
progression, the material begins with the dynarofcsingle
chains, and over the semester additional intenastidoth
polymer-polymer and polymer-solvent, are considered
Concepts required include statistical mechanicsutin the
continuum approximation. Theoretical derivatioms ased
to interpret experimental structural measurememttuding
light and neutron scattering.

V. Fiber and Film Systems. Modeling and Smulation

This course introduces students to a broad range of
continuum level modeling, and is co-taught by Mathé&cal
Sciences and Chemical Engineering faculty. Introohyc
lectures are devoted to aspects of polymer phydiog]
mechanics, and computational methods. Then, a raidge
Bf constitutive equations is introduced, beginniagth
simple empirical models and progressing to detaihediels
based upon various concepts of polymer deformatind
interactions. Through this model development, atisl
must come to grasp polymer dynamics on a localeoubar

Af%cale in order to predict quantities at the continuevel.

Several team-based projects are interspersed thrdog
semester. Teams typically include both mathenaaigivith
strength in computational methods and engineersh wit
greater knowledge of fluid mechanics and polymers.
Ultimately, students use the CAEFF software dewedofin
house” to predict process level fiber or film sysseusing
detailed continuum level constitutive equationsgoiaspon a
molecular understanding of polymer physics.

V1. Rheology

The field of rheology is concerned with describthg flow
and deformation of matter on a continuum lengtHescén
this course, students are introduced to standazdlabical
flow geometries and measurement techniques in @réec
format. They learn the fundamental rheologicalperties
such as shear and extensional viscosity, storagelass
oduli, and characteristic relaxation times. Kredge of
heological properties serves two distinct purposegst,
Fneological results give insight into the perforroanof a
particular polymer in a typical processing geometrence,
rheology serves as a bridge between the continiand
process length scales. Second, rheological measute
describe fundamental material properties of polymer
materials. Thus, these measurements are direatsinpto
the continuum level modeling undertaken by the CREF
and link numerical studies with "real" materialg. addition,
detailed molecular modeling is able to predict rtips
such as the shear viscosity, and therefore rhegbogyides
the connection between the length scales of simgleomers
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and continuum parameters. A team-based, month-longt Clemson, the core, introductory class for theEBEA is
experimental project in which students fully chaegsiece a  “Introduction to Fiber and Film Systems.” This csel gives
representative polymer is a highlight of the courd®y  participants an overview of polymer processinghwetfocus
measuring flow properties and determining modelon fiber and films. It is ideal for students witliverse
parameters from the experimental results, studemist backgrounds to be introduced to the terminology
make the connection between the simulation an@ncountered throughout CAEFF research activitiebhe
experimental realms. “Fiber and Film Systems: Modeling and Simulatimgurse
explicitly introduces students involved in both renmal and
experimental work to the FiSim software, as welhasroad
This course introduces students to measuremenhitpgds  array of constitutive models based upon charatietength

for fiber and film structure and properties. Pagtans of scales. The Rheology courses teach students how to
interest include: mechanical/tensile propertieSCD TGA  experimentally obtain continuum-level parameters tioe
and DMA,; birefringence, spectroscopy and micros¢@md modeling of polymer processing. Finally, the cesrshat
process parameters such as velocity, diameter arfdcus on the molecular length scales provide stisdesth
temperature as a function of position within tHeefior film.  knowledge of the underlying physics of polymer dyies
Clearly, this material covers the entire rangeeofgth scales that are manifested in continuum- and process-scale
ranging from atomic structure to process conditiods in  behavior.

the rheology course, there are complementary fodeims

of both the theoretical underpinnings of differéathniques SHORT COURSES

and the hands-on experience of laboratory exercise.

addition to the instruction on experimental teclmis; Short courses offer a direct method of knowledgmsfer
students learn (1) how to connect experimentabetween the Research Center environment and thstimal
measurements to molecular structure; and (2) howommunity. The CAEFF has developed short coursaes t
experimental validation at the process level isduse are available both as stand-alone offerings arabddsons to
evaluate predictions in the continuum-level modglin conferences. These courses integrate the expesahemd
numerical research conducted within the CAEFF, affer
participants the opportunity to examine industpedcesses
This course is designed to introduce to studergstiinee from a fundamental, rather than empirical, basis.

core areas of polymer science and engineering: As with the traditional coursework, attention isdéo
polymerization kinetics; polymer physics and the full spectrum of length scales, although therm definite
characterization; and polymer processing. Thegecdo focus on the process level. Table Il shows adgboutline
necessarily cover the multiple length scales disedisn this  of a one-day short course.

work. By starting with kinetics and synthesis,dgtats learn
how the polymer is constructed from the basic mogom
components. Polymer physics and characterizagothén

VII. Techniques for Characterizing Fiber and Films

VII1. Polymer Science and Engineering

TABLE llI
FIBER SPINNING SHORT COURSEQUTLINE

. . Topic
introduced based upon an understanding of polyinectsre OVIeriew of melt spinning
and conformation. Later lectures focus on prooessi Process stages
polymeric materials and structure-property relathips, and Process variables S
require an understanding of the continuum-levehpeaters Structure-property relationships
. . Experimental characterization and verification
that emerge from polymer physics. As with many GAE Rheology
courses, the processing component focuses on systath On-line measurement
examples drawn from the fiber and film industries. Post-mortem

Mathematical modeling of melt spinning

One-dimensional model with flow-enhanced @djigation
INTEGRATION WITH RESEARCH ACTIVITIES Parameter fitting

Two-dimensional modeling

The CAEFF is organized around two research thrustgiands-on case study simulations
Thrust 1 is devoted to the numerical simulatiorpofymer UsianIStII']rg ;gf;"r‘;agfdatabase
dynamics and fiber and film processes. A contindewvel
simulation package, FiSim, is in continuous deveiept
and is designed to model the fiber and film proesssom Presentations start with a process-scale introoludt
the extruder to the final material properties. UBtr2 is  the geometry of interest. A more limited-scope ponent
devoted to experimental verification and proces&lpct  focyses on the molecular and process reasonsriatigte-
development. These two broad research activitefi@hly  property relationships. The experimental charazation
intertwined, most obviously through the experiméntajectyres include both process scale measurementelass
verification (at the molecular (x-ray), continuunngology),  (continuum) parameter measurement using rheological
and process (velocity) length scales) of the FiSimerical  techniques. The subsequent modeling lectures hugtsh
simulations in model geometries with well-charaeel  molecular-level information (such as crystallizatio
materials. henomena) to introduce the continuum-level modelin

This integration between modeling and experimentagontained within the FiSim software package. Aniigant
techniques is also explicit within the course affgs as well.  hortion of the short course is devoted to activends-on
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learning by the attendees with the software packdgehis
activity, participants can directly probe the impata wide
range of variables such as crystallization ratel¢cular
length scale), viscosity (continuum length scaéa)d draw
ratio (process length scale) on fiber or film fotioa.
Ultimately, our goal is to provide short course tiggpants
with the fundamentals at the molecular and contimlevel
necessary to make informed decisions on procesgrdes
an industrial scale.

CONCLUSIONS

Engineering polymer processes is no longer confiteed
process-specified length scales and empirical mtodesign.
Rather, an integrated approach building upon nurakri
simulation and experimental validation offers tipgortunity
for lower-cost, more reliable development. To awuhithis
goal, it is necessary for the engineer to undedstzysical
behavior on length scales ranging from the moleclgeel
through industrial processes. A broad-based seofes
courses has been presented to prepare studerdaréars in
polymer fiber and film processing. By demonstrgtimw
the information obtained at one length scale isvaht to
model or process development at other scales, twmases
prepare a new generation of engineer for work & th
frontiers of science. The interdisciplinary natwé the
Research Center, in which students from a rangeciehce
and engineering disciplines interact and collakeorat
classes, further integrates the different lengthlesc into
research activities.
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