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There has been an explosive growth in the development of new materials and processing
techniques in recent years to meet the challenges posed by new applications arising in
electronics, telecommunications, aerospace, transportation, and other new and tradi-
tional areas. Semiconductor and optical materials, composites, ceramics, biomaterials,
advanced polymers, and specialized alloys are some of the materials that have seen
intense interest and research activity over the last two decades. New approaches have
been developed to improve product quality, reduce cost, and achieve essentially custom-
made material properties. Current trends indicate continued research effort in materials
processing as demand for specialized materials continues to increase. Fluid flow that
arises in many materials processing applications is critical in the determination of the
quality and characteristics of the final product and in the control, operation, and optimi-
zation of the system. This review is focused on the fluid flow phenomena underlying a wide
variety of materials processing operations such as optical fiber manufacture, crystal

YOgeSh Jaluria growth for semiconductor fabrication, casting, thin film manufacture, and polymer pro-
Fellow ASME, cessing. The review outlines the main aspects that must be considered in materials pro-
Department of M?Chan}ca' cessing, the basic considerations that are common across fluid flow phenomena involved
and A_erospace Engineering, in different areas, the present state of the art in analytical, experimental and numerical
Rutgers, the State University of New Jersey, techniques that may be employed to study the flow, and the effect of fluid flow on the
New Brunswick, NJ 08903 process and the product. The main issues that distinguish flow in materials processing
e-mail: jaluria@jove.rutgers.edu from that in other fields, as well as the similar aspects, are outlined. The complexities that

are inherent in materials processing, such as large material property changes, compli-
cated domains, multiple regions, combined mechanisms, and complex boundary condi-
tions are discussed. The governing equations and boundary conditions for typical pro-
cesses, along with important parameters, common simplifications and specialized
methods employed to study these processes are outlined. The field is vast and it is not
possible to consider all the different techniques employed for materials processing.
Among the processes discussed in some detail are polymer extrusion, optical fiber draw-
ing, casting, continuous processing, and chemical vapor deposition for the fabrication of
thin films. Besides indicating the effect of fluid flow on the final product, these results
illustrate the nature of the basic problems, solution strategies, and issues involved in the
area. The review also discusses present trends in materials processing and suggests
future research needs. Of particular importance are well-controlled and well-designed
experiments that would provide inputs for model validation and for increased understand-
ing of the underlying fluid flow mechanisms. Also, accurate material property data are
very much needed to obtain accurate and repeatable results that can form the basis for
design and optimization. There is need for the development of innovative numerical and
experimental approaches to study the complex flows that commonly arise in materials
processing. Materials processing techniques that are in particular need of further detailed
work are listed. Finally, it is stessed that it is critical to understand the basic mechanisms
that determine changes in the material, in addition to the fluid flow aspects, in order to
impact on the overall field of materials processingDOl: 10.1115/1.1350563

Introduction chemical vapor deposition, soldering, welding, extrusion of plas-
One of the most crucial and active areas of research in fluifS: food and other polymeric materials, injection molding, spray
engineering today is that of materials processing. With growi%atmgv glass fiber drawing, and composite materials fabrication.

international competition, it is imperative that the present processoe flows that arise in the molten material in crystal growing, for
ing techniques and systems are optimized and the quality of tiiétance, strongly affect the quality of the crystal and, thus, of the
final product is improved. In addition, new materials and processemiconductors fabricated from the crystal. Therefore, it is impor-
ing methods are needed to meet the growing demand for spet¢éit to understand these flows and obtain methods to minimize or
material properties in new and emerging applications related ¢ontrol their effects. Similarly, the flow of molten metal in weld-
diverse fields such as environment, energy, bioengineering, trajigy and soldering is often determined mainly by surface tension
portation, communications, and computers. ) ~ effects. On the other hand, the profile in the neck-down region of
FIw_ds engineering is extremely important in a Wlde_ variety qgiss in an optical fiber drawing process is largely governed by
materials processing systems such as crystal growing, castiih \iscous flow of molten glass and by gravity. The buoyancy-
Contributed by the Fluids Engineering Division for publication in tloJBNAL driven f|9WS generated. in the liquid melt in C.aStmg processes
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering DivisionStrom:‘]Iy influence the microstructure of the casting and the shape,
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In chemical vapor deposition, the flow is of paramount importandeble 1 Different types of materials processing operations,

in determining the deposition rate and uniformity, which in tur@long with examples of commonly used processes

affect the quality of the thin film produced. T_he flows in fqrnaceal_ Processes With Phase Change

and ovens used for heat treatment anq drylng strongly influence casting, continuous casting, crystal growing, drying

the transport rates and the migration of impurities that affect qualz. Heat Treatment

ity. The formation of metal droplets and the flow in sprays are annealing, hardening, tempering, surface treatment, curing, baking
important in rapid fabrication using spray deposition. Therefore, if: hFotrmll?_g Operatuc‘ons_ el formi wusion. forai

is important to determine the nature, magnitude and behavior of é’ut{%éng’ wire drawing, metal forming, extruston, forging

the flows that arise in these processes, their effect on the transporfaser and gas cutting, fluid jet cutting, grinding, machining

and the ultimate effect on the product quality and systenb. Bonding Processes _ _ _ _
performance. soldering, welding, explosive bonding, chemical bonding

Because of the importance of fluid flow in materials processing?' gg'rﬁg}g[] Pirn(}ggtsig'r?%mldmg thermoforming

extensive work is presently being directed at this area. But what ig. Reactive Processing
missing is the link between the diverse processing techniques andchemical vapor deposition, food processing
the basic mechanisms that govern the flow. Much of the effort i§- Powder Processing .

d with specific manufacturing systems, problems and ci powder metallurgy, sintering, sputtering
concerne SPE g sy > P _ Y. Glass Processing
cumstances. It is important to extract the main underlying fea- optical fiber drawing, glass blowing, annealing
tures, with respect to fluids engineering, from these studies 1. Coating ) )
order to expand the applicability of the techniques developed a[#? tg%?ﬂ,fgéggs?sa“”gl polymer coating
the results obtained. It is also important to couple the microscale’ ;o osite materials processing, microgravity materials processing
mechanisms that determine material characteristics with the fluid
flow that occurs at the macroscale level. Another aspect that is

lacking in the literature is quantitative information on the depen-

dence of product quality, process control and optimization on ti§@mbination and processing of materials, a very wide range of
fluid flow. It is critical to determine how fluid flow affects, for desired material characteristics can be obtained. The choice or, in
instance, the growth of defects in an optical fiber or in a crystal. [f@ny cases, design of an appropriate material for a given appli-
is necessary to establish the present state of the art in fiuid fiG&tion has become a very important consideration in the design
phenomena in materials processing. It is also important to det@fld optimization of processes and systems, as discussed by Jaluria
mine the research needs in this area so that future efforts mayLhk Thus, new techniques have been developed and are used
directed at critical issues. The coupling between practical en@long With the classical techniques of materials processing, such
neering systems and the basic fluid mechanics is another vé%ze?‘t treatment, forming and casting, to obtain the desired prop-
important aspect that should be considered, so that the current €S in the chosen material. Consequently, a consideration of the
future practice of fluids engineering have a strong impact in 4tiocessing of traditional, as well as advanced and emerging, ma-
area that is of particular importance today. terials involves both classical and new procedures, with a strong

This review paper is directed at these important issues, focusﬁ,,@phaSS on the link between the resulting material properties and
on the fluid flow that is involved with materials processing ané1€ process used. ) ) ) _ _
linking it with the characteristics of the product and with the sys- Fluid flow considerations are important in a wide variety of
tem for a wide variety of important practical processes. A range Bjanufacturing processes. Some of the ways in which the flow
processes are considered in order to determine the basic aspB{gSts the process are
that arise and their effect on the processed material. Interest lie§ gtfect on the underlying transport mechanisms
mainly in the basic fluid phenomena, rather than in the complexi- > Generation and distribution of impurities and defects
ties of the different processes. Because of the importance of this3 \ixing of different components in the material
field today and in the future, a summary of the state of the art ong Tjme spent by the material in the system
this topic will make a very significant and timely contribution t0 5 process instability and feasibility
the current and future efforts in materials processing, an aregg Shape of processed material

which encompasses a wide range of real problems of fluids-7 Properties and characteristics of the final product

engineering interest. ) o 8 Rate of fabrication
The three main aspects that are considered in this paper are: g product quality

_ 1 Basic fluid flow phenomena underlying materials processing, o few important processes in which fluid flow plays a very
including non-Newtonian flows, free surface flows, surface eihportant role are summarized in Table 1. Several manufacturing
sion driven flows, flows with phase change and chemical reggrocesses, in which the flow is of particular importance, are also
tions, flow in sprays, flows under microgravity conditions, andyetched in Fig. 1. These include the optical glass fiber drawing
other specialized flows that are of particular interest in this f'el(f)rocess in which a specially fabricated glass preform is heated and
2 Influence of fluid flow on the characteristics of the final prodgrawn into a fiber, continuous casting which involves solidifica-
uct, in terms of consistency, uniformity, defect formation and coRop, of 4 liquid over an essentially stationary interface, mold cast-
centration, and other relevant measures, as well as the rat€ifyf in an enclosed region with time-dependent liquid-solid inter-
fabrication. _ _ _ face location, and screw extrusion in which materials such as
3 Coupling between fluid flow and the operation, design angastics are melted and forced through an appropriate die to obtain
optimization of the system, considering a range of practical aRbecific dimensions and shape. Figure 2 shows a few common
impor’gant processes for the fabrication of traditional and advancghierials processing techniques used in the fabrication of elec-
materials. tronic devices. The processes shown include Czochralski crystal
growing in which molten material such as silicon is allowed to
. . solidify across an interface as a seed crystal is withdrawn,
Materials Processing the floating-zone method in which a molten zone is established-
In the last two decades, there has been a tremendous growtlhétween a polycrystalline charge rod and a crystalline rod, solder-
new materials with a wide variety of properties and characterigyg to form solder coating or solder joints, and thin film fabrica-
tics. Such advanced and new materials include composites, cerdion by chemical vapor depositiai€VD). In all these processes,
ics, different types of polymers and glass, coatings, and matie quality and characteristics of the final product and the rate of
specialized alloys and semiconductor materials. By an appropriéérication are strong functions of the underlying fluid flow.
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Fig. 1 Sketches of a few common manufacturing processes that involve the flow of the material being pro-
cessed. (a) optical fiber drawing; (b) continuous casting; (c) mold casting; (d) plastic screw extrusion

Because of the importance of materials processing, considedited by Hughel and Bollinf11], Kuhn and Lawley{12], Chen
able research effort has been directed in recent years at the tratsal.[13], Li [14], and Poulikako$15], and the review article by
port phenomena in such processes. Many books concerned witkkanta[16].
the area of manufacturing and materials processing are availableMany important considerations arise when dealing with the
However, most of these discuss important practical consideratianathematical and numerical modeling of the fluid flow and the
and manufacturing systems relevant to the various processassociated transport in the processing of materials, as presented in
without considering in detail the underlying transport and fluidable 2. Many of the relevant processes are time-dependent, since
flow. See, for instance, the books by Doyle et[&], Schey[3] the material must often undergo a given variation with time of the
and Kalpakjiar{4]. A few books have been directed at the fundatemperature, pressure, shear and other such variables in order to
mental transport mechanisms in materials processing, for instanaain desired characteristics. Sometimes, a transformation of the
the books by Szekely5] and by Ghosh and Malli§6]. The variables in the problem can be used to convert a time-dependent
former considers fluid flow in metals processing and presents bgifoblem to a steady one. Most manufacturing processes involve
the fundamental and applied aspects in this area. Some otbembined modes of transport. Conjugate conditions usually arise
books consider specific manufacturing processes from a fundue to the coupling between transport in the solid material and-
mental standpoint, see the books by Avitzidt, Altan et al.[8], fluid flow. Thermal radiation is frequently important in these pro-
Fenner[9] and Easterling10]. In addition, there are several re-cesses. The material properties are often strongly dependent on
view articles and symposia volumes on fluid flow and thermamperature, concentration, and pressure, giving rise to strong
transport in materials processing. Examples of these are the bookslinearity in the governing equatiofs7,18. Also, the material
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Fig. 2 Sketches of a few processes used for the manufacture of electronic devices. (a) Czochralski crystal
growing; (b) floating-zone method for crystal growth; (c) wave soldering; (d) solder joint formation;  (e) chemical

vapor deposition

properties may depend on the shear rate, as is the case for pafgrical simulation. The material undergoing the transport process
meric materials which are generally non-Newtonf@n19]. The may be moving, as in hot rolling or extrusi¢20], or the energy

material properties affect the transport processes and are, in tiwnmass source itself may be moving, as in laser cutting or weld-
affected by the transport. This aspect often leads to considerainlg. Additional mechanisms such as surface tension and chemical
complexity in the mathematical modeling, as well as in the nueactions are important in many cases. Complex geometry and
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Table 2 Some of the important considerations in fluid flow niques. Experimental results are discussed at various stages as a
associated with materials processing means to validate the models, to provide insight into the underly-
- - - — ing phenomena, and to provide inputs on material characteristics,
1. Coupling of Transport With Material Characteristics f 8 - -
dif‘ferpentgmaterials,pproperties, behavior, material structure properties and qther a;pects. Let us first c9n3|dgr the basic flows,
2. Variable Material Properties followed by a discussion of the conservation principles and the
strong variation with temperature, pressure and concentration appropriate governing equations for these processes.
3. Complex Geometries
complicated domains, multiple regions
4. Complicated Boundary Conditions .
conjugate conditions, combined modes Basic Flows
5. Interaction Between Different Mechanisms . L B .
surface tension, heat and mass transfer, chemical reactions, phase Materials processing involves a very wide range of problems in
change which fluids engineering is of particular interest. It is very impor-
6. Micro-Macro Coupling ) ) ) tant that a review of this area cover this diversity and extract the
micro-structure changes, mechanisms operating at different length pasic fluid flow phenomena that arise and affect the final product

7."’(‘?&%}]&5,?8{22 and the design of the relevant system. This is a fairly involved

non-Newtonian flows, free surface flows, powder and particle task because of different types of processes employed and the

transport intrinsic complexity of each process. However, fluid flow mecha-
8. Inverse Problems i ) ) i nisms are similar in many cases and the basic techniques that
0. Eggﬂg:ﬂ“gn'géjspé%j?gggons' iterative solution apply in one case may be applied to another. _

laser, chemical, electrical, gas, fluid jet, heat Some of the basic flows that arise in materials processing, along
10. System Optimization and Control with the important considerations that are involved, are listed

link between flow and system below:

1 Buoyancy-Driven Flows. This involves a consideration
of the magnitude and nature of the buoyancy-induced flow, such
N ~as that in the melt regions sketched in Fig&)land 2a). The
boundary conditions are commonly encountered. Multiplejependence of this flow on the parameters of the problem such as
coupled, regions with different material properties arise in mamyaterial properties, boundary conditions and geometry must be
cases. Frequently, an inverse problem is to be solved to obtain f@ermined. The effect of this flow on the rate of phase change, on
conditions that result in a desired flow or temperature variatiqRe characteristics of the solid-liquid interface, and on the migra-
with time and space. Finally, the process is linked with the mantion of impurities is important in casting and crystal growing. The
facturing system design, control, and optimization. modeling of the mushyliquid-solid mixture region is of interest
All these considerations make the mathematical and numerigg} alloy and mixture solidification. Similarly, buoyancy effects

modeling of materials processing very involved and challengingrise in other materials processing techniques such as chemical
Special procedures and techniques are often needed to satisfagigror deposition, soldering, welding, and laser melting.
rily simulate the relevant boundary conditions and material prop- ] ) ) )
erty variations. The results obtained are important and interesting2 Non-Newtonian Flows. These flows, in which the viscos-
since these are generally not available in the existing fluid miy of the fluid is dependent on the flow through the shear rate, are
chanics and heat and mass transfer literature. The results from Pgticularly important in the processing of plastics and other poly-
simulation provide appropriate inputs for the design and optimiReric materials in processes such as extrusion, sketched in Fig.
zation of the relevant system. Experimental techniques and resditd). and injection molding. Non-Newtonian behavior substan-
are also closely linked with the mathematical modeling in order ##lly complicates the solution for the flow. Additional complexi-
simplify the experiments and obtain characteristic results in terrigs arise due to strong temperature dependence of properties,
of important dimensionless parameters. Also, experimental resu@ase and structural changes, and viscous dissipation effects due
are of critical value in validating mathematical and numericdf the typically large viscosities of these fluids. An important el-

models, as well as in providing the physical insight needed fé&ment in these processes is the nature of fluid mixing that arises
model development. due to shear and possible chaotic behavior of the flow.

It must be noted that even though research on the fluid flow3 Surface Tension Driven Flows. These flows are relevant
phenomena associated with materials processing can be useghiQ,,n materials processing techniques. The flow of molten
provide important inputs to the area, it is necessary for researchﬁ{gtm in welding and soldering is largely driven by surface ten-

working in fluids engineering to thoroughly understand the coyy, “see Fig. @)). Under microgravity conditions, such as those
cerns, intricacies and basic considerations that characterize mﬁﬁe—' !

. = o . . Space applications, surface tension effects become particularly
rials processing In order to make a 5|gn_|f|cant impact on the f'.elﬁn ortant in processes such as crystal growing and solidification
Otherwise, basic research serves only in a supporting capacityjith, 1, the reduction in the buoyancy force. Marangoni convec-
this important field. The dependence of the characteristics of

final duct the fl tb | derstood and ch n, that arises due to the variation of surface tension with tem-
inal product on the Tlow must be properly uncderstood and cNgla a4 re and concentration, is of particular interest in these cir-

acterized so that analysis or experimentation can be used to de ORstances. Materials processing in space is an important

processes to achieve desired product characteristics and pro fgéamh area today because of the need to improve the quality of
|

tion rates. This is the only way research on fluid flow can stay giaerials such as crystals by reducing the buoyancy-induced flow
the cutting edge of technology in materials processing and signifj-

. R nd its effects.
cantly affect the future developments in this field.

This paper is concerned with fluid flow phenomena in materials 4 Particulate Flows. Many materials processing circum-
processing. The basic flows that commonly arise in this area atances involve particle motion, for instance, spray coating and
first outlined. The main aspects that are common to many of thedgemical vapor deposition, sketched in Fige)2 Also, the char-
processes are outlined next, followed by a discussion of someafteristics of mixing and of impurity migration involve particle
the major complexities, and common approaches to obtain timotion. The particles are driven by the flow and particle trajecto-
solution, using analytical, numerical and experimental methodses are obtained, often by the use of a Lagrangian approach, to
Typical results for several common processing methods for acharacterize the process. An example of this consideration is the
vanced and new materials, as well as for traditional materials, drehavior of impurities in a solidifying material. Similarly, mixing
then presented. These examples serve to indicate common feafood extrusion is a very important consideration in the deter-
tures and considerations in different materials processing techination of the quality of the extruded product.
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5 Flow of Powdery Materials. This is an important aspect The preceding list indicates the wide range of flows that typi-
in many materials processing applications, ranging from powdeally arise in materials processing. However, in most manufactur-
metallurgy to the processing of food and pharmaceutical mateiig processes, a combination of different flows is encountered
als. Powders are conveyed along channels in these processes mithing the analysis and simulation very complicated. This is il-
compaction arising due to the rise in pressure and heating dudustrated by taking various examples of important practical manu-
friction. The flow of such materials and the compaction procesacturing systems later in the review.
are not very well understood at the present time, though some
recent work has been directed at this problem due to its practi@sic Considerations and Governing Equations

importance. ) ) ) )
General Equations. The governing equations for fluid flow

6 Flows With Combined Transport Mechanisms. In  and the associated heat transfer in materials processing are de-
many cases, the flow is driven or influenced by combined effegised from the basic conservation principles for mass, momentum
of heat and mass transfer and this flow, in turn, affects the reswdihd energy. For a pure viscous fluid, these equations may be writ-
ing transport rates. Reactive polymers involve chemical reactiongn as
which affect the concentration and impart energy changes to the

system. Similarly, moisture transport is very important in food @+ v.V=0 1)
processing since the moisture concentration substantially affects Dt PV

the properties of the fluid. Drying processes also involve com- _

bined transport mechanisms. The quality and productivity of thin DV —

films fabricated by chemical vapor deposition are determined by T F+V.r @)

the interaction between the flow and the chemical reactions at the
surface and in the gases. Therefore, such multi-species and multi-
mode transport processes must be studied in order to understand

the basic mechanisms involved and to determine the flow and . . . o . .
transport in practical circumstances. Here,D/Dt is the substantial or particle derivative, given in terms

. ) . ] _of the local derivatives in the flow field bp/Dt=d/dt+V.V.
7 Fluid Flow in Coating Processes. An important materi- The other variables are defined in the Nomenclature.

als processing technique is coating. Optical fibers are coated by=or a solid, the energy equation is written as
polymers to impart strength to the fiber. Surfaces are commonly DT 4T
coated to increase their resistance to corrosive environments. A o :
wide variety of materials, ranging from polymers to metals, are T EJFV'VT_V'(WTHQ )
used for coating processes. The quality of the coating, particularl
trapped bubbles and other imperfections, as well as its thickn
are determined by the flow occurring in the coating die and app
cator. It is important to understand the basic flow mechanis
involved in this process so that high quality coatings may
achieved at relatively large speeds of the coated material.
problem involves highly viscous flow in complicated channels,

C DT—V kKVT)+Q+ TDp+ ® 3
PCPE = ( )QBEM (3)

ereC is the specific heat of the solid material, the specific heat
at constant pressure and at constant volume being essentially the
ame. For a stationary solid, the convection term drops out and the
rticle derivative is replaced by the transient tefidt. In a
%forming solid, as in wire drawing, extrusion or fiber drawing,
a{ge material is treated as a fluid, with an appropriate constitutive

well as menisci on either side of the coating region. Also impofduation, and the additional terms due to pressure work and vis-

tant is spray coating, which involves droplet formation and thgPuS heating are generally included. In the preceding equations,
flow in sprays leading to deposition or etching the material is taken as isotropic, with the properties assumed to

be the same in all directions. For certain materials such as com-
8 Flows With Coupling of Micro/Macro Mechanisms. posites, the nonisotropic behavior must bp takgn into account.

The characteristics and quality of the material being processed ard N€ stress tensor in Ed2) can be written in terms of the

often determined by the microscale transport processes occurrit@jocity V if the material characteristics are known. For instance,

in the material, for instance at the solid-liquid interface in castind) # is taken as constant for a Newtonian fluid, the relationship

or at sites where defects are formed in an optical fiber. Howev@€etween the shear stresses and the shear rates, given by Stokes,

experiments, modeling and analysis usually consider the macr@ée employed to yield

cale, with practical dimensions, typical physical geometries and —

appropriate boundaries. It is crucial to link the two approaches so p w

that the appropriate boundary conditions for a desired microstruc- Dt

tubrle can be imppsed ig a phyiipally realist:cc systelml. A ConSid.q-rI'ere the bulk viscosity)K =\ +(2/3)u is taken as zero. For an
able interest exists today in this aspect of materials processing, . o . e
particularly with respect to the underlying fluid mechanics. '(r:%:o.?]hpgﬁsfr']belﬁafg?gr'; ?r? rgég;taygglsclggtlveﬁ V=0 from Eq.

9 Other Flows. Several other flows are of interest and im-

=E—Vp+,uV2V+%V(V.V) )

Buoyancy Effects. The body forceF is also important in

e - . : > 1 larg&ny manufacturing processes, such as crystal growing and cast-
property variations. This is a very important consideration since; y gp ' y g g

; ST iflg where it gives rise to the thermal or solutal buoyancy term.
applies to most problems of practical interest, such as those d © governing momentum equation is obtained from E%

ing with plastics, glass and ceramics. The temperature, pressiie. n thermal buoyancy is included, as
and concentration ranges are often large enough to affect the flow '

and transport processes very substantially due to strong property DV
variations. Interfacial phenomena are important in continuous P bt
casting, crystal growing, among others. Similarly, free surface

flows arise in material emerging from an extrusion process, wireherepy is the dynamic pressure, obtained after subtracting out
and fiber drawing through a neck-down region, and use of flutie hydrostatic pressug,. Therefore,pq is the component due
jets for cutting or heating. Another important area is that db fluid motion, as discussed by Jalufial] and Gebhart et al.
radiation-correction coupled flows. Such flows arise, for instand®2]. Boussinesq approximations, that neglect the effect of the
in furnaces and substantially affect the relevant processing tedensity variation in the continuity equation and assume a linear
nigues. Many of these flows are considered in greater detail in thariation of density with temperature, are employed here. How-
following sections. ever, in many practical cases, these approximations cannot be

=—8gpB(T—T,)—Vpy+uViV (6)
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used and the solution is more involved. If theoordinate axis is (a)
taken as vertical, the buoyancy term appears only inxtcem-
ponent of the momentum equation. The governing equations are
coupled because of the buoyancy term in Eg). and must be 1.00
solved simultaneously. This differs from the forced convection
problem with constant fluid properties, for which the flow is in-
dependent of the temperature and may be solved independentl
before solving the energy equatip®3].

0.75

Viscous Dissipation. The viscous dissipation terpa®d in Eq.
(3) represents the irreversible part of the energy transfer due to the
stress. Therefore, viscous dissipation gives rise to a thermal
source in the flow and is always positive. For a Cartesian coordi-

nate system is given by the expression 0.50E
au)z (’av)z (aw)z v au)2 (aw (90)2
P=2||—| +| =] +|—=| || =+=] +|—+—
ax ay 9z ax ay ay oz
. ou . §W)2 2 v Vz . 0.25
dz  Ix 3( V) ()

Similarly, expressions for other coordinate systems may be ob- )
tained. This term becomes important for very viscous fluids and at 0.0 .

high speeds. The former circumstance is of particular interest in 8‘00 0.35 0.70 1.05 1.40
the processing of glass, plastics, food, and other polymeric

materials.

(b)

Processes With Phase Change.Many material processing
techniques involve a phase change. Examples of such processe
are crystal growing, casting, and welding. For such problems, 1,00
there are two main approaches for numerical simulation. The first
one treats the two phases as separate, with their own propertie:
and characteristics. The interface between the two phases must b i 111
determined so that conservation principles may be applied there 1
and appropriate discretization of the two regions may be carried 0.75F 1T
out[15,24. This becomes fairly involved since the interface lo- Y
cation and shape must be determined for each time step or itera: il
tion. The governing equations are the same as those given earlie H,'nm”/” 777 11
for the solid and the liquid. 0.50 [ 777 /I ll
In the second approach, the conservation of energy is consid- Z 7 7 [ [ [
. e : 77
ered in terms of the enthalpyl, yielding the governing energy 77 1
equation as

-
-
-
3
-
-
-

DH M V.VH=V.(kVT 8 0.25
Por —P o TPV.VH=V.(kVT) (8)

where each of the phase enthalpiésis defined as 111
] . | R ] i

T 0 0-08 00 0.35 0.70 1.05 1.40
H i = Ci d T+ H i (9)
0

Fig. 3 Numerical grids used for the (a) enthalpy method
) ) i (single region ) and (b) the two-phase (two region ) method

C; being the corresponding specific heat a-tﬁjthe enthalpy at O

K. Then, the solid and liquid enthalpies are given by, respectively,

HS: CST H1:C1T+[(CS_C1)Tm+ Lh] (10)

whereL,, is the latent heat of fusion and,The melting point. The outlined here for numerical modeling, indicating a single domain
continuum enthalpy and thermal conductivity are given, respefor the enthalpy method and the interface between the two regions
tively, as for the two-phase approach.

H=H+f,(Hi—Hg) Kk=Ke+fq(k;—ke) (11) Chemically Reactive Flows. Combined thermal and mass
transport mechanisms are important in many materials processing
where f, is the liquid mass fraction, obtained from equilibriumcircumstances, such as chemical vapor deposition and processing
thermodynamic considerations. The dynamic viscogitys ex- of food, reactive polymers, and several other materials with mul-
pressed as the harmonic mean of the phase viscosities, employiplg species. Extrusion is an important manufacturing technique
the limit wg—co, i.e., u=pu4/f,. This model smears out the dis-for thermal processing of food materials, particularly snacks, ce-
crete phase transition in a pure material. But the numerical mogbals, pasta, and bread substitutes. Various starches, wheat, rice
eling is much simpler since the same equations are employed offeur and other materials, along with a chosen amount of water,
the entire computational domain and there is no need to keep track fed into the hopper and cooked through the input of shear and
of the interface between the two pha$25—27. In addition, im- heat to obtain different extruded products, see Hafgét and
pure materials, mixtures and alloys can be treated very easily Kpkini et al.[29]. Chemical reactions occur in food materials and
this approach. Figure 3 shows examples of the two approactwker chemically reactive materials to substantially alter the struc-
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ture and characteristics of the product. Chemical reactions and Fluids with a yield stress

conversion are also important in the curing of polymers, for ex- and a nonlinear flow curve
ample, in surface coating and chemical bonding. e Bingham plastic
A simple approach to model the chemical conversion process in g Pseudoplastic Thixotropic
reactive materials, such as food, in order to determine the nature -, (shear thinning) Rheopectic
and characteristics of the extruded material is outlined here. The § Newtonian &
i i i i i < Dilatant
governing equation for chemical conversion may be givef86k o (shear thickening)
d %% %
&[(1_)(]: —K(1=-X)™ (12) a Shear rate du/dy b du/dy

hereX is the d f . defined Fig. 4 Plots of shear stress versus shear rate for viscoinelas-
whereX Is the degree of conversion, defined as, tic non-Newtonian fluids.  (a) Time-independent, and (b) time-

M;— M, 13 dependent fluids.
M;—M;

Here M; is the initial amount of unconverted material, taken agnportant effect. Numerical curve fitting may be employed to ob-
starch hereM; is the final amount of unconverted starch aid  tain a given material property as a function Bf as say k(T)

is the amount of unconverted starch at timéThe order of the _y 114 4(T—T,)+b(T—T,)2], whereT, is a reference tem-
reaction ism andK is the reaction rate. perature at whictk=k, . Thus, a continuous functiok(T) re-

The order of the reactiom in Eq. (12) has been shown to be pjaces the discrete data dérat different temperature86]. This
zero for starches and the rate of the reacogiven as a combi- gives rise to nonlinearity since

nation of thermal and shear driven convectior] 26
KKt K (14) 9 [\ IT| 2K T PT ok [dT\? T o°T
—KrtRs x Do mxx o=l M5
where (18)

Kr=Kroexp—E;/RT) Kg=Kgexp—Eg/7n) (15) Similarly, the data for other material properties may be repre-
Here, E. and Es are the corresponding activation energis, s_ented by_appr_opriate curve fits. Because_of the result_ing addi-
andk Tare conswstants is the shear stress, angis a constaont tlo_nal nonllnear!ty, the solution of the equations and the interpre-

S0 7 ' tation of experimental results become more involved than for

which is Obta'“‘?d expenme_ntally fc_;r the materlal, a_llong W'ﬂ&onstant property circumstances. Iterative numerical procedures
other constants in the equation. A simple approximation may k&

. X : h fe often required to deal with such nonlinear problems, as dis-
applied to model the degree of conversion defined in(#), as cussed by Jaluria and Torranf23]. Due to these complexities
given by[31,32 : !

average constant property values at different reference conditions

X=

a% are frequently employed to simplify the solutidB7]. Similar
wﬁzK (16) approaches are used to interpret and characterize experimental

data. However, such an approach is satisfactory only for small
Here, w is the velocity in the down-channel directiaghin an ranges of the process variables. Most manufacturing processes
extruder. Thus, numerical results on conversion are obtained tgguire the solution of the full variable-property problem for ac-
integrating this equation. curate predictions of the resulting transport.
o e oy Viscosly Variaton, The variato of dyraic viscosiy
tems[33,34. The concentrations of the chemical species in tr}%quwes special consideration for materials such as plastics, poly-

reactor affect the chemical kinetics, which in turn affect the deppa_. > food materials and several oils, that are of interest in a
i P . tect the depy riety of manufacturing processes. Most of these materials are
sition. In many cases, the process is chemical kinetics limite

; : N on-Newtonian in behavior, implying that the shear stress is not
implying that the transport processes are quite vigorous and portional to the shear rate. The viscositys a function of the
deposition is restricted largely by the kinetics. The chemical k'hear rate and. therefore. of fhe velocity field. Figure 4 shows the
netics for several materials are available in the literature. For iUériation of thé shear str;a with the shear.ratelu/dy for a
stance, the ch(_emical Kinetics for the d_epositio_n of Silicon frO@hear flow such as the fIO\?ﬁget\Neen two parallel plates with one
zllgilj/zrsSblﬁhvt\a”g]xgrﬁjsr:i%%%]as the carrier gas in a CVD re"’lctolilate moving at a given speed and the other held stationary. The
viscosity is independent of the shear rate for Newtonian fluids like
KoPsita air and water, but increases or decreases with the shear rate for
17K Prat KaPs, a7 shfear thlpkenlng or thlnnlng flu[ds, respgctlvely. These are vis-
1FH2 T Th2ksiHa coinelastic (purely viscouy fluids, which may be time-
where the surface reaction rat€ is in mole of Si/nfs, Ko independent or time-dependent, the shear rate being a function of
=A exp(—E/RT), E being the activation energy, ad K;, and both the magnitude and the duration of shear in the latter case.
K, are constants which are obtained experimentally. fbeare  Viscoelastic fluids show partial elastic recovery on the removal of

K

the partial pressures of the two species in the reactor. a deforming shear stress. Food materials are often viscoelastic in
nature.
Material Property Considerations Various models are employed to represent the viscous or rheo-

) ] ) ] logical behavior of fluids of practical interest. Frequently, the fluid
Variable Properties. The properties of the material undergo-s treated as a Generalized Newtonian FI(GNF) with the non-
ing thermal processing play a very important role in the matiNewtonian viscosity function given in terms of the shear rate
ematical and numerical modeling of the process, as well as in thi@ich is related to the second invariant of the rate of strain tensor.
interpretation of experimental results. As mentioned earlier, &y instance, time-independent viscoinelastic fluids without a

ranges of the process variables, such as pressure, concentrgfigRj stress are often represented by the power-law model, given
and temperature, are usually large enough to make it necessaryyig3g]

consider material property variations. The governing equations are
Egs. (1)—(4), which are written for variable properties. Usually, —K
the dependence of the properties on temperaiuie the most Tyx=Re

n—-1 du
dy

du

dy (19)

180 / Vol. 123, JUNE 2001 Transactions of the ASME



Glass is another very important, though complicated, material.
It is a supercooled liquid at room temperature. The viscosity var-
ies almost exponentially with temperature. In optical fiber draw-
: ing, for instance, the viscosity changes through several orders of
i magnitude in a relatively short distance. This makes it necessary
m to employ very fine grids and specialized numerical techniques.
] Figure 5 shows the grid in glass, as well as in the inert gases
EEL . INERT GAS FLOW flowing outside the fiber in a fiber-drawing furnace. Even a
e change of a few degrees in temperature in the vicinity of the
i softening point, which is around 1600°C for fused silica, can
= ‘:;H cause substantial changes in viscosity and thus in the flow field
v “=§ and the neck-down profile in optical fiber drawing. This can lead
i
E

to a significant effect on defect generation in the fiber and thus on
fiber quality[17,18,41.

Other Aspects. There are several other important consider-
Fig. 5 Grid for the numerical modeling of the two regions, ations related to material properties. Constraints on the tempera-
consisting of glass and inert gases, in optical fiber drawing ture level in the material, as well as on the spatial and temporal
gradients, arise due to the characteristics of the material. In ther-
moforming, for instance, the material has to be raised to a given

where K, is the consistency index and n the power law fluidemperature level, above a minimum vallig, , for material flow
index. Note thah=1 represents a Newtonian fluid. Fox 1, the t0 occur in order for the process to be carried out. However, the
behavior is pseudoplastishear thinningand forn>1, it is dila- Maximum temperatur&,, must not be exceeded to avoid dam-

tant (shear thickening The viscosity variation may be written as@ge to the material. In polymeric materialBya,—Tmin i rela-
[38] tively small and the thermal conductivikyis also small, making it

difficult to design a process which restricts the temperature to
~,\n—1 . .. . . .
_ vy o b(T-Tg) 20) Tmax While raising the entire m_aterlal to a_bov'enin for materlal
M=o Yo flow to occur. An example of this process is the manufacturing of
plastic-insulated wires, as considered by Jal@i4ia]. Similarly,
where constraints o T/dt, 9T/ dx, etc., arise due to thermal stresses in
Ju\2 [ ow) 2112 Ju IW the material undergoing thermal processing. Such constraints are
(a_) + (&—) } , with TyxTH o Ty R particularly critical for brittle materials such as glass and ceram-
y y y y ics. The design of the manufacturing system is then governed by
) the material constraints.
for a two-dimensional flow, withu and w varying only withy. In several circumstances, the material properties are not the
Similarly, expressions for other two- and three-dimensional flowsame in all the directions because of the nature of the material or
may be written. Herey is the shear strain rate, the subscript ®ecause of the configuration. For anisotropic materials, such as
denotes reference conditions ands the temperature coefficient wood, asbestos, composite materials, cork, etc., the conduction
of viscosity. Other expressions for the viscosity may be used fiax vectorq may be written agj=—kVT, wherek is the con-
consider other reactive and non-reactive polymeric materials. ductivity tensor, with nine componerit:,:, , obtained by varying
For food materials, the viscosity is also a strong function of th&ndj from 1 to 3 to represent the three directions. For orthotropic
moisture concentration,,, and is often represented as materials, the coordinate axes coincide with the principal axes of
the conductivity tensor and the energy equation for a stationary

OPTICALFIBER — &4+

y=

c\nh-1
L= 1o 71) e b(T=To) g~ bm(Cm—Cmo) 22) material, in the Cartesian coordinate system, is
0
. aT  d aT d aT d aT\ .
The temperature dependence is also often represented more accu- , C— = — | ky—| + — k= |+ —=|k/—=|+Q (25)
gt X (2 ay ay Jz Jz

rately by an Arrhenius type of variation, i.e.,

y\" ! BIT Similarly, the equations for other coordinate systems may be writ-
K= Mo Yo € (23)  ten. In the annealing of coiled steel sheets, the thermal conductiv-
- ) ) ity k; in the radial direction is often much smaller thignin the

In addition, chemical changes, that typically occur at the microgyia| direction, due to gaps within the coils and the governing
cale level in the material, affect the viscosity and other propertiesynduction equation may be written taking this effect into account
Other models, besides the power-law model, are also employeq4g]. This affects the underlying fluid flow and the overall
represent different material49,38—44Q. transport.

_The non-Newtonian behavior of the material complicates the The preceding discussion brings out the importance of material
viscous terms in the momentum and the energy equations. Fppperties in a satisfactory mathematical and numerical modeling
instance, the viscous dissipation tef for the two-dimensional of thermal manufacturing processes, as well as for accurate inter-

flow considered earlier for Eq21) is pretation of experimental results. The properties of the material
au IW undergoing thermal process_ing must be_ known and appropriately

O, =T+ Ty (24) modeled to accurately predict the resulting flow and transport, as

ay ay well as the characteristics of the final product. However, this is an

where the variation of. with y and, therefore, with the velocity area in which there is acute lack of data and critical work is
field is taken into account. Similarly, the viscous force term in theeeded in the future.

momentum equation yield¥ 7,,)/dy in the x-direction, requiring
the inclusion of the non-Newtonian behavior of the flji4D].
Similarly, other flow circumstances may be considered for t . . .
flow of non-Newtonian fluids. Viscous dissipation effects are ge Joundary Conditions and Simplifications

erally not negligible in these flows because of the large viscosity Many of the boundary and initial conditions are the usual no-
of the fluid. slip conditions for velocity and the appropriate thermal or mass
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transfer conditions at the boundaries. However, a few special con-
siderations arise for the various processes considered earlier.
Some of these are discussed here.

Rectangular

Free Surface
L Container

Liquid
Free Surfaces and Openings. At a free surface, the shear T TH(<'|T_)
stress is often specified as zero, yielding a Neumann condition of
the formaV/9n=0, wheren is normal to the surface, if negligible
shear is applied on the surface. If the shear stress exerted by the
ambient fluid is significant, it replaces the zero in this equation.
Basically, a balance of all the forces acting at the surface is used
to obtain the interface. As considered in detail by Roy Choudhury
et al.[41] and as presented later, the free surface may be deter-
mined numerically by iterating from an initial profile and using
the imbalance of the forces for correcting the profile at interme-
diate steps, finally yielding a converged profile such as the one
shown in Fig. 5.

In a stationary ambient medium, far from the solid boundaries,
the velocity and temperature may be given\as:0, T—T, as
n—o. However, frequently the conditiofV/dn—0 is used, in-
stead, in order to allow for entrainment into the flow. The use of
this gradient, or Neumann, condition generally allows the use of a
much smaller computational domain, than that needed for a given
value, or Dirichlet condition, imposed on the velocity{ 20]. The ) o )
gradient conditions allow the flow to adjust to ambient conditions'9- 6 Thermocapillary convection in a rectangular container:
more easily, without forcing it to take on the imposed values at'g Schematic sketch and - (b) flow in a NaNO ; meit [47]
chosen boundary. This consideration is very important for simu-
lating openings in enclosures, where gradient conditions at the
opening allow the flow to adjust gradually to the conditions out- ) -
side the enclosure. Such conditions are commonly encounteredi@itlid and a gas in many cases, and on the shape, stability and
furnaces and ovens with openings to allow material and gas floather characteristics of the interface. Large surface tension gradi-

ents can arise along the interface due to temperdtuaad con-

Phase Change. If a change of phase occurs at the boundaryentrationc,, gradients and the variation of surface tensiowith
the energy absorbed or released due to the change of phase fH&e variables. Such surface tension gradients can generate sig-
be taken into account. Thus, the boundary conditions at the myficant shear stresses and resulting flow along the interface. This
ing interface between the two phag€$g. 1(c)) must be given if flow, known as thermocapillary or Marangoni convection, is im-

a two-zone model is being used. This is not needed in the enthalﬂyrtant in many material processing floj7]. There has been
model given by Eqs(8)—(11). For one-dimensional solidification, growing interest in Marangoni convection in recent years because

M (2)

this boundary condition is given by the equation of materials processing under microgravity conditions in space
JT JT ds where other more dominant effects, §uch as buoygncy, are consid-
S_S, 1_1: pLy—— (26) erably reduced, making thermocapillary convection particularly
ay ay dt significant.

wherey= & is the location of the interface. This implies that the Consider a rectangular container with its left wall at tempera-
energy released due to solidification is conveyed by conductiontif€ T and the right wall at a lower temperatufg . The bottom
the two regions. Similarly, for two-dimensional solidification, thdS insulated, as shown in Fig. 6. Then the boundary condition at

boundary condition is written 24] the free surface is
aTs ﬁTl) (aa)z ds U do dT  do ac
——k—||1+| =] |=pLy—— 27 —y—=— —t — =
( sgy tay x| | P dt @) Koy~ o ox e, ax (29)
For a stationary interface, as shown in Figb)] the boundary . . . )
condition is[44,45 whereu is the velocity component along the coordinate axigor

most pure materialsr decreases witft, i.e., do/dT<0, and since
dy aT dT/dx<0 in this case, the fluid is pulled from the left to the right
_ka_n +pULhE: _ka_n (28)  at the surface, resulting in a clockwise circulation, as shown. The
1 s flow pattern in a melt of NaN@is also shown, indicating the
whereds is a differential distance along the interface amds dominance of thermocapillary convection and the vertical flow
distance normal to it. Also, the temperature at the interface in a@éar the vertical wall due to thermal buoyancy. Similarly, bound-
these cases i§,,. ary conditions may be written for other geometries.

Surface Tension Effects. Surface tension effects are impor- Conjugate and Initial Conditions. Several other boundary
tant in many materials processing flows where a free surfacenditions that typically arise in materials processing may be
arises. Examples include flows in welding, Czochralski and thmentioned here. The normal gradients at an axis or plane of sym-
floating-zone crystal growing methods, wave soldering, and cometry are zero, simplifying the problem by reducing the flow
tinuous casting. Surface tension affects the force balance on a fdeenain. The temperature and heat flux continuity must be main-
surface and can affect, for instance, the equilibrium shape oftained in going from one homogeneous region to another, such as
solder joint, such as the one shown in Fi¢d)246]. Similarly, the the regions shown in Figs. 3 and 5. This results in the thermal
profile of material emerging from a die or a roller can be affectecbnductivity at the interface being approximated numerically as
by the surface tension, the relative significance of this effect beitlge harmonic mean of the conductivities in the two adjacent re-
determined by other forces acting on the surface. gions for one-dimensional transpd@3]. The conjugate condi-

Surface tension can also have a significant effect on the fldiens that arise at a solid surface in heat exchange with an adjacent
near the free surface, which represents the interface betweefiua are
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where the subscripts and f refer to the solid and the fluid, Fig. 8 Screw channel and simplified computational domain for
respectively. a single-screw extruder
The initial conditions are generally taken as the no-flow cir-
cumstance at the ambient temperature, representing the situation
e ey o e ot e BreSimiary,cooninae ransformation can be employed o con-
cess are empl’oyed as the initial conditions for the next one. F& rrt transient problems to _steady state ones in other circum-
periodic processes, the initial conditions are arbitrary ) ﬁances. For instance, a moving thermal source at the surface of an
' ) extensive material gives rise to a transient circumstance if the
Moving Material or Source. In the case of material flow in a coordinate system is fixed to the material. However, a steady state
moving cylindrical rod for extrusion or hot rolling, as sketched irgituation is obtained by fixing the origin of the coordinate system
Fig. 7, the temperatur® is a function of time and location if a at the source. Ik is measured in the direction of the source move-
Lagrangian approach is used to follow a material element. Howent from a coordinate system fixed on the material surface and
ever, by placing the coordinate system outside the moving maté-is the location of the point source, the transformation used is
rial, a steady problem is obtained if the edge of the rod is far frog=Xx—Ut, which yields the governing equation

the inlet,x=0, i.e., for large time, and if the boundary conditions

2 2 92
are steady. Transient problems arise for small lengths of the rod, (7_-'2— + (7_-'2— + g = E ﬂ (33)
short times following onset of the process, and for boundary con- 9&°  ay Jz a ¢

ditions varying with time[48,49. For many practical cases, thethjs transformation applies to processes such as welding and laser
temperaturel may be taken as a function of time and only th@ytting. This equation is solved and the transformation is used to
downstream distance assuming it to be uniform at each crossyjia|d the time-dependent results.

section. Such an assumption can be made if the Biot numker Bi |n some manufacturing systems, the transient response of a par-
based on the radiug of the rod is small, i.e., Ri=hR/k<1.0,h jcylar component is much slower than the response of the others.
being the convective heat transfer coefficient. Thus, for a thin rgthe thermal behavior of this component may then be treated as
of high thermal conductivity material, such an assumption WOU@Jasi-steady, i.e., as a sequence of steady state circumstances. For

be valid. The governing energy equation is

c 8T+UaT _kaZT hP Tt a1
pClr U |=ko2 T( a) (31)

instance, in a heat treatment furnace, the walls and the insulation
are often relatively slow in their response to the transport pro-
cesses, as compared to the flow. Consequently, these may be as-
sumed to be at steady state at a given time, with different steady-

whereP is the perimeter of the rod its area of cross-section andstates arising at different time intervals whose length is chosen on

T, the ambient temperature.

For a long, continuous, moving rod or plate, the problem may
be considered as steady for many problems of practical interg;é

Then, the three-dimensional temperature distribufigr,y,z) in

a moving plate is governed by the convection-conduction equatiE

aT T #PT 6T
(32)

—=kl—+—>+—
pCUS ax? o ay?  9z°

The boundary conditions ir may be taken a3(0y,z)=T, and

the basis of the transient resporig8].

Very Viscous Flow. This circumstance usually gives rise to
ty small Reynolds numbers, for which the creeping flow ap-
roximation is often employed. For instance, the Reynolds num-
Br Re is generally much smaller than 1.0 for plastic and food
flow in a single screw extruder and the inertia terms are usually
dropped. Assuming the flow to be developed in the down-channel,
z, direction and lumping across the flights, i.e., velocity varying
only with distancey from the screw root towards the barrel, see

T(%,y,2)=T,. For lumping in they andz directions, an ordinary Fig. 8, the governing momentum equations becd#t}

differential equatiofODE) is obtained from Eq(31) by dropping

the transient term. Similar considerations apply for the flow in

such forming processes.
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Fig. 9 Velocity profiles for developed flow in a channel of height H with combined shear due to
a wall moving at velocity U g and an imposed pressure gradient.  (a) Newtonian fluid; (b) non-
Newtonian fluid with n =0.5 at different q .

where the pressure terms balance the viscous forces. The coosgibnding modeling. Similarly, Marangoni number Ma
nate system is generally fixed to the rotating screw and the chan{do/dT)LAT/uwa, where AT is the total temperature differ-

nel straightened out mathematically, ignoring the effects of curvance, arises in thermocapillary flow, and Weber number We
ture. Then the complicated flow in the extruder is replaced by2,\2| /¢ arises in flows with surface tension effects such as the
pressure and shear driven channel flow, with shear arising dugyite shown in Fig. @l).

the barrel moving at the pitch angle over a stationary screw, asSeveral other such simplifications and approximations are com-
shown in Fig. 8. This is similar to the shear and pressure drivefionly made to reduce the computational effort in the numerical
channel flow available in the literature. Therefore, this approximgimulation of thermal manufacturing processes. For instance,
tion substantially simplifies the mathematical/numerical model. dy/ds may be taken as unity in Eq28) for many continuous
casting processes that use an insulated mold, which gives rise to a

Other Simplifications. The basic nature of the underlying alfly planar interface. Also, for slow withdrawal rates, the heat

physical processes and the simplifications that may be obtaij for due t fion | I d to that due t
under various circumstances can be best understood in terms gf>S'€r du€ to convection 1S small compared 1o that due to con-
tion within the moving material and may be neglected. If the

dimensionless variables that arise when the governing equati . - .
and the boundary conditions are nondimensionalized. The cofiftent Of.the ma‘ef'a' undergoing, say, thermal processing "’.‘t.the
monly encountered governing dimensionless parameters are §Héface, is large, it may often be assumed to be semi-infinite,

Strouhal number Sr, the Reynolds number Re, the Grashof nufi- plifying both the qnalysis and the nu_merical simulatjan .
ber Gr, the Prandtl number Pr and the Eckert number Ec. Thext |IarIy_, the b_o_undarles are often appro_x!mated as planar to sim-
are de]zined as plify the imposition of the boundary conditions there. Clearly, the

preceding discussion is not exhaustive and presents only a few

VL gpB(T—T,LS v common approximations and simplifications.
Sr= , R=e—, Gr=——"5—"—  Pr=—,
Vte v v a . .
, Solution Techniques
V
Ec= —————— (35)  Analytical. It is obvious from the complexity of the govern-
Cp(Ts—Ta) ing equations, boundary conditions, and the underlying mecha-

whereV, is a characteristic speetl, a characteristic dimension, nisms that analytical methods can be used to obtain the solution in
andt, a characteristic time. It is often convenient to apply differvery few practical circumstances. However, though numerical ap-
ent nondimensionalization to the solid and fluid regions. proaches are extensively used to obtain the flow and associated
The dimensionless equations may be used to determine th@nsport in most materials processing systems, analytical solu-
various regimes over which certain simplifications can be madéons are very valuable since they provide
For instance, at small values of the Reynolds number Re, the
convection terms are small, compared to the diffusion terms, and, ppoqicoi insight into the basic mechanisms and expected
may be. neglecteq. This approximation is applied to.the flow of trends
PPl viscous i such 32 plastc and 000 matele, 32 MY Limiing o asympotc condions t
made to simplify the problem. At very small Prandtl number Pr, Quantitative results for certain simple components
the thermal diffusion terms are relatively large and yield thghe validation of the numerical models, expected physical char-
conduction-dominated circumstance, which is often applied to theteristics of the process, and limitations on important variables
flow of liquid metals in casting, soldering and welding. A smalkre all very important in the development of a numerical or ex-
value of Gr/Ré implies negligible buoyancy effects, for instanceperimental approach to study the process. Also, certain compo-
in continuous casting where the effect of buoyancy on the transents or processes can be simplified and idealized to allow ana-
port in the melt region may be neglected. A small value of thigtical solutions to be obtained.
Eckert number Ec similarly implies negligible pressure work ef- A few examples of analytical solutions may be mentioned here.
fects and a small value of Ec/Re can be used to neglect viscalse complex flow in a screw extruder, such as the one shown in
dissipation. Finally, a small value of the Strouhal number Sr irFig. 1(d), was simplified to shear and pressure driven flow in a
dicates a very slow transient, which can be treated as a quadiannel, as seen in Fig(®. The simplest case is that of fully
steady circumstance. Therefore, the expected range of the goveteveloped flow for which the velocity field is assumed to remain
ing parameters such as Re, Gr, Pr, Sr, and Ec can be employedriohanged downstream. Analytical solutions can be obtained for
determine the relative importance of various physical mechanisisisch channel flows driven by pressure and shear, as shown in Fig.
underlying the transport process. This information can then B¢a) for Newtonian fluids. When the pressure gradient is zero, the
used to simplify the relevant governing equations and the corlew is only due to the viscous effect of the wall moving at ve-

Results that can be used for validating numerical models
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Die section with the grid node and the vector quantities like velocity are dis-

L Flow path P2 placed in space relative to the scalar quantities and generally lo-
cated on the faces of the control volume. This grid system has an
/_"/ T advantage in solving the velocity field since the pressure gradients

AN

o nents are convenienty located for the calculation of 16 convec.

7| Outlet
- — tive fluxes. A pressure correction equation is used during the it-

A

N

z 2

7 / / eration or time marching to converge to the solution. Also, the
L ressure at any arbitrary point is chosen at a reference value and
< P y yp
(a) h Ta separate boundary conditions are not needed for pressure.
For two-dimensional and axisymmetric problems, the govern-
Streamlines ing equations are often cast in terms of the vorticity and stream-

function by eliminating the pressure from the two components of
the momentum equation and by defining a streamfunction to take
care of the continuity equatiof23]. This reduces the number of
equations by one and pressure is eliminated as a variable, though
it can be calculated after the solution is obtained. The solution
yields the streamfunction, which is used for obtaining the velocity
field and plotting streamlines, the temperature, which is used for

=r/R

o~

(b) plotting the isotherms and calculating heat transfer rates, and the
) ] ) o vorticity. Because the streamfunction is specified on the bound-
Fig. 10 Geometry of a practical extrusion die, with R as the aries, convergence of the streamfunction equation is usually quite
inlet radius, along with the calculated streamlines for a non- fast. Thus, this approach is generally advantageous, as compared

Newtonian material for typical operating conditions to the methods based on the primitive variables of velocity, pres-

sure and temperature, for two-dimensional and axisymmetric

. . ) flows. The latter approach is more appropriate for three-
locity Ug and is termed drag flow. For Newtonian flow, the vegimensional circumstances.
locity profile is linear and the dimensionless flow rate, or through- Both transient and steady state solutions are of interest, depend-
put, g, , which is the flow rate divided by the product of walling on the process under consideration. In the former case, time
speed and cross-sectional area, is simply 0.5. For a favorable piggrching is used with convergence at each time step to obtain the
sure gradient, the throughput exceeds 0.5 and for an adverse pige-dependent variation of the flow, temperature field, heat and
sure gradient it is less. Similar trends are expected for NORgass transfer rates, chemical conversion, etc. For steady problems
Newtonian fluids though the profiles and the value for drag giso, time marching may be used to obtain the desired results at
flow would be different. Numerical results have confirmed thifyrge time. However, the problem can also be solved by iteration
behavior and have used the analytical results to validate the mogp%y using false transients with large time stép8]. Though
as well as to characterize different flow regimes, as shown in Figantral differences are desirable for all the approximations, nu-
9(b). _ . merical instability with the convection terms is often avoided by

Another analytical solution that has been used to model thge yse of upwind, exponential or power-law differencing
extrusion process is that of flow in a die. The relationship betwe%Ehemes{SZ]. Because of the inaccuracy due to false diffusion,
the pressure dropp across a cylindrical region of lengthand  second-order upwind differencing and third-order QUICK
radiusR, with mass flow raten for a non-Newtonian fluid, was schemes have become quite popular for discretizing the convec-
obtained by Kwon et al[50] by assuming developed flow. Thetjon terms[54]. Under-relaxation is generally needed for conver-

expression given Is gence due to the strong nonlinearities that arise in these equations
oL . 3n+1 4m | mainly due to property variations. Several methods are available
Ap=—=C(T)| —— —=3 (36) to solve the vorticity transport and energy equations. The Alter-
R 4n pmR nating Direction Implicit(ADI) method of Peaceman and Rach-

whereC(T) is a temperature dependent coefficient in the viscosifprd [55], as well as modifications of this time-splitting method,
expression, which is given as=C(T)(%)*™", ¥ being the shear '€ particularly efficient for two-dimensional problems. Similarly,
rate, defined earlier. This expression would apply for the flat po(lzycllc reduction, successive over relaxat_lon and other standard
tions of a typical die, such as the one shown in Fig. 10. But tHgethods may be used for the streamfunction or the pressure equa-

flow is not developed, as seen from the calculated streamlifé)- Solution-adaptive methods have been developed in recent
shown in Fig. 10. However, the expression can be used withd{fa'S to ac_zldress many of the complexmes that arise in heat trans-
significant error for long cylindrical regions, such as the portioff" @nd fluid flow problems, as reviewed by Achaf)].

on the left of the die shown hef&1]. Similarly, expressions fora AS mentioned earlier, major difficulties arise in material pro-
conical die and for an orifice were given by Kwon et [&0]. cessing simulations due to the complexity of the computational
domain as well as that of the boundary conditions. Finite element

N . and boundary element methods have been used advantageously to
umerical X ; ; . :
simulate a wide variety of material processing systems. Several of

The governing equations given earlier are the ones usually @hese cases are outlined later in the paper. Finite difference and
countered in fluid flow and heat and mass transfer. Though adtliite volume methods have also been used with coordinate trans-
tional complexities due to the geometry, boundary conditions, m@rmations employed to convert the complex domains into much
terial property variations, combined mechanisms, etc., arise dimpler forms so that the discretization is simplified and accurate
materials processing, as mentioned earlier, the numerical solutie’ults are obtained. A few cases based on such transformations
of the governing equations is based on the extensive literature i@ also presented later.
computational fluid dynamics. Among the most commonly em-
ployed techniques for solving these equations is the SIMPLEER . |
algorithm, given by Patankd52], and the several variations of Xperimenta
this approach. This method employs the finite volume formulation Experimental work is extremely important in a study of fluid
with a staggered grid, so that the value of each scalar quantiphenomena in materials processing. The main contributions of
such as pressure, concentration and temperature, is associatgrbrimental investigations are
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Fig. 11 Streamlines in the region between two rotating cylinders for CMC solution at 16 rpm.
(a) Experimental results;  (b) numerical predictions for flow entering the region over one cylin-
der; (c) comparison of flow division ratio x  ; obtained from experimental and numerical results
[57].

1 Enhancing the basic understanding of the flow and associatedinly because of negligible inertia terms assumed in the math-
transport ematical model. These experiments indicate the basic features of

2 Providing insight that can be used in the development tfie mixing process in the intermeshing region, even though only
mathematical and numerical models, particularly for detecylinders are considered. The flow division ratio may be taken as

mining important aspects and variables a measure of mixing.
3 Providing results that can be used for validation of the mod-
els

4 Yielding quantitative results that can be used to characteriEeéaSUItS for a Few Important Processes
processes and components in the absence of accurate anthe preceding sections have presented the basic considerations
dependable models that arise in a study of fluid flow phenomena in materials process-
. . . . ing. The important basic flows, governing equations and boundary
Though validation of models is often considered as the main régsitions were outlined. The analytical, numerical and experi-
son for experimentation, there are many complex flows whe

; ) ental approaches to investigate various types of flows were dis-
experimental results guide the development of the model and algqed Several important processes were mentioned and briefly

generate quantitative data that can be used as empirical ‘“F’Utai cussed. The common aspects that link different processes are

accurate modeling is not available. Flow visualization is partic%-een in terms of the underlying mechanisms and governing equa-

larly important in studying the nature of the flow. However, many

tical material d tb bstituted by si RJons and parameters. However, major differences exist between
practical materiais areé opaque and must beé substituted by SIMR)GFiq s materials processing techniques and demand specialized
transparent materials for optical methods to visualize the flo

- . ; eatment. The desired results from numerical or experimental in-
The same considerations apply for optical measurement te

. like | Doopl ¢ d ticle i stigations are also usually quite different. It is not possible to
\r/]gg(?i?nelr; aser Doppler anemomelry and particle IMagfqqss all the major aspects that characterize different processes

A le. let ider the fluid fi in th ._and the available results in these areas. However, a few important
S an exampie, et us consider the fuid flow in the reg'Oﬁrocesses are considered in greater detail in the following to illus-

between two rotating screws in MIXers ?“d extruders. This flo ate the approaches used to obtain the desired solution as well as
as well as the nature of the resulting mixing process, are not VE&Re characteristic results

well understood. Sastrohartono et [87] carried out an experi-
mental study of the flow in this region. Two rotating plexiglas Polymer Extrusion. An important manufacturing process
cylinders were driven by a variable speed motor and the flow imhich has been mentioned in the preceding sections is plastic
the region between the two cylinders was observed. Corn syrsigrew extrusion, sketched in Figgdl and 8. The viscosity ex-
and carboxy-methyl-cellulos€CMC) solutions were used as thepression and the governing equations for a relatively simple two-
fluids, the former being Newtonian and the latter non-Newtoniadimensional model were given earlier. This is a fairly complicated
Air bubbles and dyes were used for visualization. problem because of the strong shear rate and temperature depen-
Figure 11 shows the experimentally obtained streamlines in tdence of the viscosity, complex geometry, large viscous dissipa-
region between the two cylinders, along with the predictions frotion, and the resulting coupling between the energy and momen-
a numerical model. Clearly, good agreement is seen between the equations. Interest lies in control and prediction of the flow in
two. It is also seen that some of the fluid flowing adjacent the lefirder to improve mixing and modify physical and chemical
cylinder continues to flow adjacent to it while the remaining goeshanges undergone by the material.
to the other cylinder. This process is similar to the movement of Figure 12 shows typical computed velocity and temperature
fluid from one screw channel to the other in a tangential twifields in an extruder channel. Large temperature differences are
screw extruder. A flow division ratiofxmay be defined as the seen to arise across the channel height because of the relatively
fraction of the mass flow that crosses over from one channel to thmall thermal conductivity of plastics. The flow is well-layered,
other. A dividing streamline that separates the two fluid streamsth little bulk mixing, due to the high viscosity of these fluids,
was determined from the path lines and used to determine the fltive typical viscosity being more than a million times that of water
division ratio. A comparison between experimental and numerical room temperature. Many approaches such as reverse screw el-
results is shown, indicating good agreement at small Reynoldments and sudden changes in the screw have been used to disrupt
numbers. A deviation between numerical and experimental resulte well-layered flow and promote mixing. Viscous dissipation
was observed for Reynolds numbers greater than around IcBuses the temperature to rise beyond the imposed barrel tempera-
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Fig. 12 Calculated velocity and temperature fields in the channel of a single screw extruder
at n=0.5 and dimensionless throughput g ,=0.3, for typical operating conditions

ture. A lot of work has been done on this problem because of itate, normalized by the total flow rate. Clearly, in this case, most

importance to industry, as reviewed by Tadmor and Gdg8 of the dye emerges over a short time interval, with the extended

and Jalurig19]. regions representing fluid near the barrel and the screw root. The
An important consideration in the extrusion process is the resialculated cumulative functioR(t), which indicates the cumula-

dence time distributiofRTD). The residence time is the amounttive fraction of the total amount of dye emerging up to tithés

of time spent by a fluid particle in the extruder from the hopper tdefined as

the die. If the material spends an excessive amount of time, it may

be over-processed, over-cooked, if it is food, or degraded. Simi- t

larly, too small a time may lead to under-processing. The final F(t):J f(t)dt (37)

product is, therefore, strongly dependent on the residence time

distribution since structural changes due to thermal processing g{igere f

chemical reactions are usually time-dependent. The residence tiﬂé‘?weent andt-+dt. The average residence tineis given by

distribution is largely a function of the flow field. It is experimen-, /Q., whereV, is the total internal volume of the extruder and
tally obtained by releasing a fixed amount of color dye or tracerd'ge e :

. X the volume flow rateF(t) is plotted as a function of time in
the material at the hopper and measuring the flow rate of the g@e 13c), along with the distributions for a few other flows. It is
_materlal as it emerges from the ext_ruder at_the other e_nd. The .t' n that, though the basic trends are similar, the RTD is affected
it takes for the dye to first appear is the minimum residence tlnBE

5

0

(t)dt is the amount of material that has a residence time

. . A the nature of the fluid and the flow configuration. It is found to
and rele_ltes to the faste_st moving fluid. Similarly, an average regf; only slightly affected by the barrel temperature. It is mainly
dence time may be defined.

T . ld L f resid . b affected by the flow rate, or throughput, which substantially influ-
e experimental determination of residence time may be Nisceg the flow field. Results at different operating conditions have

_merically simulated by considering the flow of a sl_ab c_)f a dye %een obtained in the literature and used for selecting the appropri-
It moves from the.hopper to the die, as skgtched in Flga)13f. ate conditions for a given material or thermal process.
the velocity field is known from the solution of the governing

equations, a fluid particle may be numerically traced by integrat- Mixing. An important consideration is the fluid mixing inside

ing the velocity over time. The axial component of the velocity ithe screw channel since it determines the homogeneity of the ma-
used to trace the particles. As expected, the particles near thgal being processed. A simple experiment as well as some re-
barrel and the screw take a very long time to come out, as cosults on mixing, as given by the flow division ratio for flow be-

pared to the particles near the middle portion of the screw chameen two rotating cylinders, were discussed earlier. The flow
nel. This yields the amount of color dye emerging from the exundergone by the material particles as the fluid moves down-
truder as a function of time and may be used to obtain ttetream may be considered for a better understanding of the mixing
minimum, average and the spatial distribution of the residenpeocess. Based on the calculated three-dimensional velocity field,
time. Figure 18) shows these results in terms of the dye flovone can introduce particles inside the screw channel and follow
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= i : . , Fig. 14 Mixing characteristics in a single screw extruder chan-
0.0 0.5 1.0 15 2.0 2.5 30 nel shown in terms of time sequence of distributive mixing of
/'t two different materials inside the screw channel [58]

Fig. 13 Residence time distribution (RTD) calculations. (a)

Schematic diagram showing the dye slab and the computa- L . . .
tional domain for RTD calculations; ~ (b) variation of the dye flow been done on mixing in twin screw extruders, including the use of

rate, normalized by the total flow rate, with time for typical op- chaos introduced by changes in the geometry and the boundary
erating conditions;  (c) variation of the cumulative distribution conditions[60].
function F (t) for different flow configurations, with t as the av-

erage residence time. Experimental Results.Experimentation on fluid flow in the

extruder channel is involved because of the complex domain and
generally opaque nature of the typical materials. However, exten-
sive experimental data on the overall characteristics of the extru-
sion process are available in the literature. Most of these concern
the movement of these particles along the chafd@]. The par- the practical issues in extrusion such as temperature and pressure
ticles undergo spiral movements, except those near the barrel srthe die, residence time distribution, total heat input, character-
face which go straight across the flight gap into the adjacent chastics of the extrudate, total torque exerted on the screw, and flow
nel. The spiral movement of the particles inside the screw chanmate. Much of this information is reviewed in books such as those
promotes mixing within the single screw extruder. This recirclsy Tadmor and GogoE38], Harper[28], and Rauwendadb1].
lating flow is not captured by the simpler two-dimensional modéfiowever, very few studies have focused on the fluid flow in the
discussed earlier. channel. Over the last decade, Sernas and co-wd&2/83 have

The distributive mixing inside the channel may be representedrried out well-designed, accurate, controlled and innovative ex-
in terms of mixing between two different types of materialsperiments on single- and twin screw extruders. These results have
shown as white and black portions in Fig. 14 with each initiallypeen used for the validation of the analytical and numerical mod-
occupying one half of the channel. These materials are followets presented here, as well as for providing a better understanding
with time as the fluid moves in the channel. Clearly, the processa$the basic fluid flow and heat transfer processes associated with
a slow one, though the materials are eventually mixed with eaeltrusion.
other as time elapses. Several other measures of mixing have beei specially designed single screw extruder is used for these
considered in the literature. Kwon et §b9] studied kinematics experiments. A plexiglas window can be fitted at any one of the
and deformation to characterize mixing. Substantial work has alsteasuring ports to provide optical access to the flow to observe
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Fig. 15 (a) Cam-driven thermocouple for temperature measurements in the
screw channel; (b) representation of the loci of points where temperature data
are collected [62,63]

the extent of fill of the screw channel. The barrel is subdividenluders. If the distance between the screw axes is less than the
into three sections which can be maintained at different unifordiameter at the tip of the screw flight, then one screw intermeshes
temperatures by the use of circulating water jackets. The presswi¢h the other and thus yields an intermeshing twin screw ex-
and temperature are measured at various locations. The meastiteler. Otherwise, it is known as a non-intermeshing twin screw
ment of the temperature profile in the screw channel is compéxtruder. When the distance between the screw axes is equal to
cated because of the rotating screw. A cam-driven thermocoupldce the radius at the screw root and the flights of one screw
system, as shown in Fig. (&, is installed on the extruder to wipe the root of the other screw, then the extruder is known as a
allow the thermocouple probe to travel in and out of the channkillly intermeshing and self wiping twin screw extruder.
in a synchronized motion linked to the screw rotation. The probe The flow domain of a twin-screw extruder is a complicated one
moves into the channel to a preset distance while the flighasd the simulation of the entire region is very involved and chal-
traverse due to screw rotation. The loci of points where data demging[65]. In order to simplify the numerical simulation of the
taken are sketched in Fig. 5. As expected, considerableproblem, the flow is divided into two regions: the translation, or T
amount of care is involved in extracting the appropriate data for
the temperature profilg62,63.

Some characteristic experimental results for Viscasil-300M
which is a non-Newtonian fluid, are shown in Fig. 16, along with ¢
numerical results from two-dimensional finite difference anc
three-dimensional finite element calculatidd®,64]. The effect
of recirculation in the screw channel is seen in terms of the ten
perature near the screw root being closer to that near the barr
than that predicted by the two-dimensional model. Clearly,
three-dimensional model is needed to capture this recirculation.
is interesting to note that these observations led to the develo
ment of the three-dimensional model for flow in the screw chan
nel. A close agreement between the experimental and numeric
results, in terms of pressure and temperature measured at the «
was also observed, providing strong support to the model. It we % 1 PRSI
found that, for a given die, the die pressure rises with the flow rai b Tempesature [°C] A
which is increased by raising the screw speed. Also, as expecte s oo T3 s

h : . ~— Numerical Temperature [°C]
the pressure increases as the fluid moves from the inlet towar o Experimentai data d ,_
the die. o
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Twin-Screw Extrusion. Twin screw extruders are used exten-
sively in the processing of polymeric materials and in operation 3
which include pumping, polymer blending, and distribution ofz
pigments and reinforcing materials in molten polymers. The maig .}
advantages of twin-screw extruders, over single-screw extrude!

are better stability, control and mixing characteristics. In twir
screw extruders, two screws lie adjacent to each other in a bar
casing whose cross section is in a figure of eight pattern, see F

S

17. Twin screw extruders are of many types, such as, intermes
ing, non-intermeshing, co-rotating, counter-rotating, to name a
few. When the screws rotate in the same direction they are call,gi
co-rotating and when they rotate in opposite directions, they aggt

2 1“4 16 18 20

Temperature {°C}

e e ®® %o e

1
12 13 14 15 16
‘Temperature [°C]

16 Comparisons between numerical and experimental re-
s on temperature profiles for Viscasil-300M, with

(a) and (¢)

known as counter-rotating twin screw extruders. Depending UpgBm the 3D (FEM) model and (b) and (d) from the 2D (FDM)
the separation between the axes of the two screws, twin screidel. For (a) and (b): T;=20.3°C, T,=12.2°C, N=20. For (c)

extruders are classified as intermeshing or non-intermeshing are (d): T;=18.8°C, T,=22.3°C, N=35.
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Mixing Region particularly well suited to the complex domains that arise in twin-
screw extruders. Figure 18 shows the finite element mesh used
and some typical results on the transport in the mixing or nip
region of the extruder. It is seen that large gradients in pressure,
velocity and shear rate arise in the nip region, resulting in sub-
stantial fluid mixing, unlike the small recirculation in single-screw
extruders.

Chiruvella et al[68] approximated the intermeshing region of

Translation Region

Screw Roét a self-wiping co-rotating twin screw extruder to develop a control-
Barrel Wall volume based numerical scheme similar to the SIMPLER algo-
Counter-rotating rithm [52]. Figure 19a) shows a cut-away view of the extruder

considered. The flow in the intermeshing region is three-
dimensional with the flow shifting by the flight width as it goes
from one channel to the other. Solutions are obtained for the trans-
lation and intermeshing regions and linked at the interface, or
Mixing Region overlapping region. The screw channels are assumed to be com-
pletely filled and leakage across the flights is neglet68il Fig-
ure 19b) shows the pressure and temperature rise when the trans-
lation and intermeshing regions are coupled. A good agreement
with earlier finite-element results is observed. Additional results at
different operating conditions and materials were obtained
[68,69. Viscous dissipation was found to increase the temperature

Translation Region

Screw Root in the fluid above the barrel temperature for typical operating
conditions. This model is much simpler than the finite element
Barrel Wall model, requiring much less storage space and computational time,
Corotating thus making it attractive in modeling practical problems and in
design for industrial applications.
Fig. 17 Schematic diagram of the cross-section of a tangential Velocity measurements are quite involved because of the com-
twin screw extruder, showing the translation (T) and intermesh- plex geometry and rotating screws. Karwe and Sef@@$ and
ing, or mixing (M), regions Bakalis and Karwd71] have carried out measurements of the

fluid velocity field for heavy corn syrup which is transparent. A

plexiglas window was used for visual access to the twin screws in
region, and the intermeshing, bt region, as sketched in Fig. 17.the extruder. A two-component Laser Doppler Anemometer
This figure schematically shows a section taken normal to tlieDA) in the back-scatter mode was used to measure the local
screw axis of a tangential co-rotating twin screw extruder and tlyelocities in the extruder, as shown in Fig(a0 As expected, the
two regions. The counter-rotating case is also shown. Due to t#iew was found to be very complicated and three-dimensional.
nature of the flow and geometric similarity, the flow in the transthe flow field in the translation region could be compared with
lation region is analyzed in a manner identical to that for a singlfe numerical prediction and is shown in Fig(B80 A fairly good
screw extruder. Therefore, this region is approximated by a chafyreement is observed, lending support to the model and the ex-
nel flow. The intermeshing, or mixing, region is represented Qyerimental procedure. Tangential and axial velocity components
the geometrically complex central portion of the extruder, bggere also measured in the intermeshing region and compared with
tween the two screws. The two regions are separated by a hypgmerical predictions, yielding good agreement. Leakage across

theti_cal boun_dary used for nume_rical calculations only. For furthghe flights was found to be significant and the three-dimensional
details on this model for the twin screw extruder and on the Nzt re of the flow field was evident in the results.

merical scheme, sep0,65—67. The finite-element method is

Chemical Conversion. Typical results on the conversion of
amioca, which is a pure form of starch, at constant screw speed
and throughput, are presented in Fig. 21. The degree of conver-
sion depends upon the velocity field and the reaction rate constant
K which varies with the local temperature of the extrudate, as
mentioned earlier. For smaller velocities, the degree of conversion
up to a given axial location is higher. This is clear in the region
near the screw root in all of the conversion contours. As the tem-
perature increases along the down-channel direction, the degree of
conversion increases, though the down-channel velocity does not
change much. At a barrel temperature of 150°C, the local tem-
perature is much higher than that at 115°C. Since the reaction rate
constant is higher when the local temperature is higher, the mate-
rial gets converted in a shorter distance than that in the case where
the temperature is lower. Several other results were obtained un-
der different temperature levels and throughg3®. This figure
shows the typical trends observed. With increasing flow rate, the
degree of conversion decreases since the residence time is smaller
allowing less time for the chemical reactions to occur. A compari-
son with experimental results also showed good agreement. How-

Mesh Discretization u-v Velocity Field w Velocity Contours

Fig. 18 Mesh discretization for the mixing region in a co-

rotating tangential twin screw extruder, along with typical com- ever, in these cases the screw is not filled with a rheological fluid
puted results for low density polyethylene (LDPE) at n=0.48, throughout. Only a fraction of the channel length, as given in the
T,=320°C, T;=220°C, N=60rpm, q,=0.3 figure, is completely filled, with the remaining portion either par-
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Fig. 19 (a) A corotating twin screw extruder with a self-wiping screw profile; (b) comparison
between the results obtained from finite volume and finite element approaches, the latter being
shown as points, for a corotating, self-wiping, twin screw extruder

tially full or containing powder which cannot be treated as a fluid. Summary. The processing of polymers and other similar ma-
Further work is needed on chemical kinetics and on micraerials like food, rubber and pharmaceutical materials is used ex-
structural changes in such problems. tensively in a wide variety of industries. Extrusion also frequently
. . precedes injection molding, another important processing method
e e 100, he el lascs. Composite materie are iso generaly produced by
der. This material is conveyed by the rotating screw, compact(re%nforcmg polymers with a yarlety of f!bers made of.m.etals, ce-
and then melted or chemically converted due to the thermal affgn/cS: 9lass, efc., to obtain the desired characteristics. Again,
mechanical energy input. Figure (22 shows a schematic of the extrusion and Injection molding are important processing te_ch-
overall process for food extrusion. The solid conveying region ques for such materials. The ﬂ.u'd flow_strongly_ aﬁgcts the mix-
generally modeled as a plug flow with friction and slip at thd'9 Process, as We.” as the res@ence t'me'.Wh'Ch influences the
boundaries, as sketched in Fig.(BR Friction factors have been physical and chemical changes in the materlal. The flow also af-
measured for different materials and are available in the literatufgCtS the thermal transport, which determines the temperature
The force balance yields the pressure variation in this regié Id, the fluid viscosity, and the pressure rlse._These variables and
[38,72). This material is compacted due to the increase in pressﬁ flow determine the characteristics of the final product.
downstream. For mo_dellng the compaction process, |nforn‘_|at|or_1 iSOptical Fiber Drawing. Another important manufacturing
needed on the variation of density or porosity of the material withocess, which was considered in the preceding discussion and
pressure. Also, accurate friction factors are needed for the givgRich has become critical for advancements in telecommunica-
powder and barrel and screw materials. Very little work has beggng and networking, is optical fiber drawing, sketched in Fig.
done on powder flow and compaction, even though it is expectgg,) | this process, the viscosity of glass, which is a supercooled
that this process WI||. have a substantial effect on the flow, h uid at room temperature, is a very strong function of tempera-
transfer and conversion processes downstrggh Clearly, fur- e “At its softening point, the viscosity is still very high, being of
ther detailed work is needed on this problem. the same order as that of polymer melts considered in the previous
Additional Aspects. The preceding presentation on polymesubsection. Thus, viscous dissipation is important and the momen-

extrusion brings out the major concerns and complexities in tHiém and energy equations are coupled. The analytical/numerical
important area. However, there are many additional aspects ttigatment is thus similar to that described in the previous section.
arise in practical circumstances. These include melting and soliiven small temperature differences are important because of the
fication of the material, different screw configurations, leakaggffect on the viscosity and thus on the flow field. However, glass
across screw flights, flow stability, process feasibility, and thigbow may be treated as Newtonian at typical draw speeds.
conjugate transport due to conduction in the barrel. Transient ef-In optical fiber drawing, the diameter of the cylindrical rod,
fects are particularly important, both for the start-up of the proceg#ich is specially fabricated to obtain a desired refractive index
and for changes in the operating conditions. The feasibility of theriation and is known as a preform, changes substantially, from
process is determined largely by the pressure and temperature Zisd0 cm to about 12m, in a distance of only a few centime-

in the extruder and, therefore, by the flow. Many of these aspetgss. This places stringent demands on the grid, shown in Fig. 5, as
have been considered in detail in the literature and the referenwesll as on the numerical scheme because of the large change in
given in this section may be used for additional information. the surface velocity. The radiative transport within the glass is
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Fig. 20 (a) Experimental arrangement for velocity measurements in the flow of
corn syrup in a twin-screw extruder; (b) comparison between calculated and
measured tangential velocity U , profiles for isothermal heavy corn syrup at
26.5°C, with mass flow rate of 6 kg /h and screw speed of 30 rpm

determined using the optically thick medium approximation or Neck-Down. The simulation of the free surface is another dif-
improved models such as the zonal metfid8]. The main inter- ficult problem, as discussed earlier. Several studies in the litera-
est in this process lies in obtaining high quality optical fibers, dsre have considered fiber formation from the melt, particularly
indicated by low concentration of process-induced defects, desifed polymers, and jets and other free surface flo®s—78. Op-
variation of refractive index, low tension, strength, and other intical fiber drawing involves modeling the free surface flow of
portant measures, at high draw speeds. glass under large temperature differences and large changes in
Typical computed results in the neck-down region, for a speatiscosity and cross-sectional area. Several simple models have
fied profile, are shown in Fig. 23, indicating the streamfunctiofpeen employed to study the flow in this region, known as the
vorticity, viscous dissipation and temperature contours. The flomeck-down regiof74]. In a recent study, a combined analytical
is smooth and well-layered because of the high viscosity. A typgnd numerical approach, based on the transport equations and
cal temperature difference of 50—100°C arises across the fiber $mrface force balance, was developed for the generation of the
preform diameters of around 2.0 cm. As mentioned earlier, evaeck-down profile of an optical fiber during the drawing process
this small difference is an important factor in fiber quality an@41]. An axisymmetric, laminar flow was assumed in the glass and
characteristics. Larger temperature differences obviously arise forthe circulating inert gases. The governing transport equations
larger preform diameters. Viscous dissipation, though relativelyere solved employing a finite difference method. The radially
small, is mainly concentrated near the end of the neck-down, lumped axial velocity, the normal force balance and the vertical
the small diameter region, and plays an important role in maimomentum equations were used to obtain a correction scheme for
taining the temperatures above the softening point. Further detdile neck-down profile. After a new corrected profile is obtained,
on this problem may be obtained fror4,17,18,41,74 the full governing equations are solved for the flow and heat trans-
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Fig. 21 Isotherms and conversion contours while extruding
amioca in a tapered single screw extruder, with T ,=115°C, T;
=90°C, N=100rpm, mass flow rate m=10kg/h, moisture
=30 percent
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Fig. 22 (a) Schematic of the various regions in food extrusion;
(b) modeling of powder flow in a single screw extruder

fer, considering both radiation and convection transport. This pro-
cess is continued until the neck-down shape does not change from
one iteration to the next. It was found that viscous and gravita-
tional forces are dominant in the determination of the profile.
Surface tension effects are small even though they are important
in many other free boundary flowW§9]. The external shear and
inertial effects are small, as expected.

A typical example of the numerical generation of neck-down
profile with a cosinusoidal starting profile is shown in Fig(&4
From the figure it is seen that during the first few iterations, the
neck-down profile is quite unrealistic, with a flat region and an
abrupt change in radius around where the starting polynomial pro-
file ends. But after a few iterations the shape becomes smooth and
monotonically decreasing, eventually reaching a steady, con-
verged, profile, indicated by the invariance of the profile with
further iterations. It must be mentioned here that the radius ap-
proaches the dimensionless fiber radius as the axial distance ap-
proaches the furnace exit. However, because of the small value of
dimensionless fiber radius, the graphs seem to show that the value
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Fig. 23 Calculated (a) streamfunction, (b) vorticity, (c) viscous dissipation, and (d) tem-
perature contours in the optical fiber drawing process for typical drawing conditions
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initial profile and different starting shapes lead to the converge
neck-down profile, as seen in Fig.(®4 indicating the robustness (0

of the scheme and the stability of the drawing process. The force ) o ]
balance conditions were also closely satisfied if the iterations cdfi9- 25 Results obtained from a feasibility study of the fiber

verged. However, convergence does not occur in every case, leJgWing process: () different cases studied, showing both fea-
Sible and infeasible combinations of parameters and (b) “iso-

ing to a feasible domain, as discussed below. tension” contours for the feasible range of fiber drawing

Feasible Domain. It was shown by Roy Choudhury et §1]
that, for given fiber and preform diameters and for a given draw

speed, the f'b?r cannot be drawn at any arbitrary fl_Jrnace W gss variables such as the external gas, flow velocity, flow con-
temperature distribution. If the furnace temperafure is not highy, ration, furnace temperature profile, furnace size, etc. Thus,
33:”%‘1525 I(t)(?rarglz\i/tirrigldIHSVSOgegﬂggosggwgntht%tatthiesffr?(;vsrr\eq sibility of the process is determined largely by fluid flow, as
viscous rupturg80]. Similarly, it can be shown that for a particu-%as the case in polymer processing.

lar furnace temperature and fiber speed, the fiber can be drawrExperiments. Experimental work on the flow and thermal
only if it is above a certain diameter. It can also be shown that foransport in the optical fiber drawing is very complicated because
a given preform and fiber size, and with a given furnace temperaf-the high temperatures, high draw speeds and difficult accessi-
ture, there is a limit on the speed beyond which no drawing Hlity into the furnace[74]. Most measurements have focused on
possible, as this leads to rupture. Figuréd2shows the different the characteristics of the fiber for different operating conditions
cases studied, including the cases where drawing was feasible anch as furnace wall temperature, draw speed and applied tension.
the cases when it was not. From this figure, a region can be iddRelatively few results are available that may be used for compari-
tified beyond which drawing is not possible. For the region wheons with numerical predictions. A comparison with the profile
drawing is feasible, the draw tension is calculated. The “isexperimentally obtained by Paek and RU®8] has been carried
tension” contours are shown in Fig. @B. As expected, the draw out. For the heat transfer coefficient distribution given by Paek
tension is low at higher temperatures and lower speeds, whighd Runk, a parabolic furnace temperature profile has been used
explains the positive slope of the iso-tension contours. For a reblt Lee and Jalurigl7,18 to predict the maximum temperature in
istic fiber-drawing operation, these results are very importarihe preform/fiber and its location. The same parabolic furnace
since the operating parametdssich as furnace temperature andemperature profile, with a maximum temperature of 3000 K and
draw-down speedcan be identified so that a fiber of desired diminimum temperature of 2300 K, was used for obtaining the
ameter can be drawn at the applied tendi8h,82. It must be neck-down profile§41]. From the analytical results obtained by
pointed out that only a combination of fiber speed and furnad&aek et al[84], the draw tension plotted on a logarithmic scale is
temperature has been considered here. It is possible to obtakpected to vary linearly with the inverse of the furnace tempera-
similar results for different combination of other physical and praure. A comparison of the computed results with the experimental
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Fig. 26 Comparison of the numerical predictions of neck-down profile and draw tension with
experimental results

data show good agreement, as seen in Fig. 26. The quantitatbeity. The convergence of the optimization method used for de-
trend is reasonably good, even though the furnace temperattiing the heating element temperature distribution is demon-
profile, except for the maximum value, is guessed, and all progtrated by the agreement between the predicted and measured rod
erties for fused silica are taken from the literature. These compagmperatures. The computed maximum element temperatures
sons with experimental results lend strong support to the approagbre in good agreement with the furnace sensor temperature at the
outlined here for determining the neck-down profile. hot zone centerline, lending support to the model for the flow and
A study of the flow and thermal transport associated with thermal transport in the furnace. The small difference between the
draw furnace require accurate knowledge of the furnace wall te@omputed element temperatures for the two rod sizes is in support
perature distribution. An experimental procedure involvingf the previous statement that there was a small influence of rod
mounting rods of different materials and diameters and feedigge on the furnace temperature distribution. However, the effect
them axially within the furnace cavity was employed for this purof Jarger than the presently used rod sizes on furnace temperature
pose, see Fig. 2@). Each rod was instrumented with thermomneeds further investigation. Similar results were obtained for the

couples inserted through an axial hole along the centerline. Thgher furnace temperatures and for other materials, including
temperature measurements were used along with a numerigata glasq86].

model for the flow and heat transfer in the furnace in order to

obtain the furnace wall temperature profis]. This is an inverse  Coating. As shown in the schematic diagram of the typical
problem since the centerline temperature in the rod is knoviiber drawing process in Fig.(d), the fiber is cooled as it moves
whereas the furnace thermal conditions are not known. The resditward the coating section where it is coated with a jacketing
obtained using the graphite rods suggest that the furnace tempenaterial for protection against abrasion, to reduce stress induced
ture is not affected by rod size. Figure(BY shows the computed microbending losses, and for increased strength. The upper tem-
temperature distribution along the graphite heating element. Therature at the coating section is limited by the properties of the
dashed lines represent the water cooled portion of the furnameating material used. For commercial curable acrylates, this tem-
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Fig. 27 (a) Schematic of an experimental system for measuring the temperature distribution
in a rod located in an optical fiber drawing furnace; (b) computed furnace temperature distri-
butions (solid line ) from graphite rod data. Experimental points are from the 1.27 cm diameter

rod.
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open cup, and (b) a pressurized coating applicator, showing
the upper and lower menisci

perature generally cannot exceed 150°C. The wet coating is then
cured by ultra-violet radiation as it passes through the curing sta-
tion, and finally the fiber is spooled around a takeup drum at the
base of the tower.

The basic coating process involves drawing the fiber through a
reservoir of coating fluid from where it is passed through a die
that may be used to control the thickness and the concentricity of
the coating layer. Coating thickness may also be controlled by
“metering” the flow rate, while a flexible exit die may be used
for centering the fiber. This is immediately followed by a curing
process that results in solidification of the coating material around
the fiber. Figure 28 shows schematic diagrams of typical coating
applicator and die systems. Viscous shear due to the moving fiber
results in a circulatory fluid motion within the fluid. This problem
is very similar to polymer flow in a channel or die, as discussed
earlier. A balance between surface tension, viscous, gravitational,
and pressure forces results in an upstream meniscus at the cu
entrancg 87-90. This consideration is similar to that employed
for determining the neck-down profile in fiber drawing and a simi-
lar approach may be used in this case too. A downstream menis-
cus at the. die.eXit results primarily "Om a ba_lance bet\_Neen ViEi' .29 (A, C) Unpressurized test section; (B, D) Meniscus in
cous and inertia forces, thg sgrface tension bellng a re!atlvelys um diameter tube, test section pressurized. Fiber speed
effect. Centering forces within the tapered die contribute to theog m/min.
positioning of the fiber at the die exit center. Successful coatings
are concentric, of uniform thickness, and free of particle inclu-

sions or bubbles. Excellent reviews of much of the earlier invefe e 1ne with a pressurized applicator. The fiber speed was 20
tigations on fiber coatings have been presented by Blyler et glyin “|n both cases, the dynamic contact angle was near 180
[91], Li [14], an_d PaeK92]. . . . eg. Figure 29 A clearly shows the breakdown of the meniscus
The use of high draw rates requires consideration of alternaig, sy tooth patterns and tip streaming as previously observed.
pressun_zed apphgatpr designs, where pressure |nduce_d mOI'O'UP?the other hand, the pressurized applicator meniscus image
the coating material is used to redyce the shear at the fiber surf ' 29 B, appears io be smooth, suggesting suppression of Iargé
and probably results in the establishment of a stable free surfagg, e preakdown at the same fiber speed. Figures 29 C and D are
flow, though this aspect needs further investigation. An additiongl, " nagnification images clearly demonstrating that the unpres-
benefit resulting with such pressurized dies has been the incor, fOfized meniscus generates a large number of relatively large air

ration of gas b_ubblg _re(_:il,_lcing, or bubble strippi_ng, designs Whi. ubbles compared to the pressurized meniscus in Fig. 29 D where
have resulted in minimizing gas bubbles entrained at the coatigg p, ,ypjes are probably too small to be detected. Comparison of
cup entrance and then trapped within the coating layer. The phy;

tHe shape of the menisci in Figs. 29 A and 29 B shows that the

cal and rheological properties of coating materials and their teiige v of pressure and geometry are to flatten the meniscus and to
perature dependence are particularly important for the flow withj

} Acrease the slope of the liquid-air interface near the fiber com-
the applicator. However, accurate property data are generally %%‘

lable. Coating | thick bet 30 and ed to those for an unpressurized meniscus. This probably re-
a‘r’g' able. (oating fayer thicknesses range between U an s in a smaller air volume available for entrainment accounting
am.

. . . . . for the difference between Figs. 29 C and 29 D. Numerical mod-
Several investigators have focused their attention on air entrafy, o resyits were found to agree closely with the experimental
ment by the moving fiber and the resulting deterioration of thgb

h o . . . servations on the flow and pressure distributions. However, fur-
coating. The characteristics of the meniscus, particularly its gy inestigation is clearly needed to understand the effect of
bility, have been studied in detail. Ejection of air bubbles by fi

) ; . ) p ressure on air entrainment and to design applicators and dies to
streaming from interface cusps near the fiber was investiga

[93]. The dynamic meniscus in pressurized and unpressurized fi- ain high-quality fiber coatings.

ber coating applicators was studied in detail, experimentally andAdditional Aspects. The main considerations that arise in the
numerically, by Ravinutala et d194], following an experimental drawing of optical fibers are outlined in this section. The problem
study by Abraham and Polymeropoulf85]. Figure 29 shows is an extremely complex one, though it is also a very important
images of the meniscus formed with the fiber moving into amaterial processing technique because of the tremendous world-
unpressurized open cup applicator, as well as inside a micropiide demand for optical fibers. This has led to increasing draw
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Fig. 30 Inert gas flow field in the optical fiber drawing furnace for two geometrical configurations: inlet flow in
opposite direction to fiber motion and side entry

speeds and preform diameters, resulting in stringent requiremeaitg is not known and must be obtained from the solution, as is the
being applied to both the process and to its modeling. The fibesise for mold casting shown in Fig(cL A coordinate transfor-
has to be cooled rapidly in order to reach appropriate temperatunation, such as the Landau transformation, which was also used
levels before coating is applied. Substantial work has been ddioe the neck-down region in optical fiber drawing, may be em-
on the flow in the forced cooling process, considering laminar apibyed to make the computational domains rectangular or cylin-
turbulent flow in the cooling sectidiY4,96. This is similar to the drical, from the complicated ones shof2¥,104,10%. This con-
continuous processing problem, considered later in this paper. siderably simplifies the numerical procedure by allowing a regular

The flow of inert gases in the draw furnace plays a very imporectangular or cylindrical mesh to be used. Several other tech-
tant role in the transport processes within the furnace and thusnigues have been developed to treat such moving boundary prob-
the flow and heat transfer in the glass. However, the flow islams and the complicated domains that arise. For the continuous
strong function of the geometry, particularly the locations of theasting problem of Fig. (b), the interface between the solid and
inlet/outlet channels, and of the flow rate. The flow can affeghe liquid is not known at the onset and an iterative procedure may
local transport rates and thus cause local hot or cold spots. Figheeadopted to determine its shape and location. Again, body fitted
30 shows the calculated flows for two different configurationgoordinates may be employed to approximate the irregular shaped
The side inlet, though more convenient to design and opg8dle computational domains. Of course, if the enthalpy model is em-
directs the cold fluid at the fiber, causing possible local coolir]goyed, the entire region is treated as one, considerably simplify-
and breakage. Similarly, flows that aid or oppose fiber motigAg the computational procedure. Interest lies in obtaining high
respectively increase or decrease the heat transfer, significagfliality castings, with few voids and defects, good grain structure
affecting the process. and low stresses, at high production rates.

Defects are another important consideration, because these aiEigure 31 shows the numerical results for melting in an en-
fect the quallty of transm_ission in_the fiber and the distance Oihsed region using the entha|py model. Streamlines and iso-
could go without enhancing the signal. Many defects are gengferms are shown for four different times during the melting of
ated by the thermal field and the flow, and enhanced cooling coydre Gallium. This is a benchmark problem in which melting is
affect the distribution and retention of these defects. The glagtiated by a step change in the temperatures at the left and right
flow also affects the distribution of these defects, as well as gbundaries, the left being at temperature higher than the melting
dopants put into the preform to obtain specialized fibers. Sevefdint and the right lower. The streamlines indicate the effect of
studies have considered the kinetics of thermally induced defegigrmal buoyancy which causes the interface between the solid
[97,98. Yin and Jalurigd82] used the equation for the kinetics ofand the liquid to bend, rather than remain parallel to the vertical
these defects to obtain their concentrations as functions of lo¢gsundaries. The amount of material melted increases with time till
tion and operating conditions. The approach is similar to that f@freaches a steady state for this problem. The recirculation in the
the inclusion of chemical kinetics in other materials processir]g]uid is clearly seen. These results are found to agree well with
cases, such as in food and reactive polymer extrusion conside%erimenm results available in the literati6]. The two-
earlier. region approach can also be used for modeling this problem. For
re metals, the two-phase, two-region, approach leads to more
curate results, whereas the enthalpy method is more useful for
cﬁq oys and mixtures. A lot of work has been done on such melting

Summary. The flow of glass and inert gases in the furnacBY
affect the heating up of the glass preform and the neck-do
profile, which in turn affect the temperature field, the generati e . ;
of defects, the tension in the fiber, and the distribution of impurllend sqlldlflcatlon pfOb"?mS’ as rewewed_ by Viskafit6,100.
ties and dopants. Similarly, the flow in the coating process affectF%Otwg%‘"ﬁetriﬁnsso2“'; Zlft?dggr?r;igt (')” ;2;5%’;?2'%?\/; aSF‘?’?S
the menisci, which determine the entrapment of bubbles and A 32 sh pe yl ical | ph ducti 9. r?
uniformity, thickness and concentricity of the coating. Thus, tha'€ 32 shows typical numerical results when conduction in the

: ; P mold is coupled with heat transfer in the liquid and the solid
2%?{@“&“%2 g:fggézsf!ber quality as well as the stability and fe 106]. With increasing time, the liquid region shrinks due to so-

lidification, whereas the solidified region increases. The effect of
Casting. Solidification and melting processes have been stuthe imposed conditions at the outer surface of the mold on the
ied extensively because of their importance in a wide variety gblidification process can be investigated by solving this conjugate
processes such as casting, crystal growing, welding, and polynpeoblem, which yields the temperature field in the mold along
injection molding, considering pure materials as well as mixturegith that in the solid and the liquid, as shown. Banaszek et al.
such as alloy$99-103. As mentioned earlier, the natural con{107] carried out experiments and numerical simulations to dem-
vection flow in the liquid or melt region is solved and couplednstrate the importance of conduction in the wall, as shown in
with the transport in the solid. The location of the moving bound-ig. 33. Such numerical and experimental studies can be used to
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Fig. 31 Streamlines (1) and isotherms (2) for melting of Gallium in an enclosed
region, with the left vertical boundary at a temperature higher than melting
point, the right vertical boundary at a temperature lower than melting point and
the remaining two boundaries insulated. The enthalpy method is used and re-
sults are shown at different dimensionless time t following the onset of melting.

(a) t=0.5248, (b) t=1.0416, (c) t=1.5622, (d) t=1.9789.

determine the progression of the solidification front and thus Alloys. There has been a growing interest in the basic charac-
monitor the generation of voids and other defects in the castingeristics of solidification for mixtures, particularly alloys, as re-
Experimental studies have been relatively few because of thiewed by Prescott and Incropdri03]. Combined heat and mass
complexity of the process arising from a moving interface anansfer processes arise in this case and significantly affect the
time-dependent floy108,109. However, detailed experimental flow. Figure 35 shows a schematic of the double-diffusive con-
results are needed to critically evaluate the various models ewective flow that arises and increases in intensity with time. The
ployed for simulation as well as to provide information on théeft wall is heated and solidification occurs on the right wall. As
characteristics of the interface for development of microscathe salt-enriched liquid is ejected from the mushy zone, it forms a
models. Figure 34 shows typical experimental results, along wildtyer at the bottom and subsequently additional layers arise, with
numerical predictions, for the melting and solidification of pureecirculation in each layer driven by horizontal temperature gra-
tin [110,111. The comparisons are fairly good, though the differdients. Lower heat transfer at the bottom results in larger mushy
ences at small time indicate the need to improve the model tegion thicknes$112]. Many interesting experiments on the so-

more closely approximate the experimental conditions.
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and, (b, d) t=0.1.
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Isotherms (a,b) and streamlines (c,d) for solidification

(a, ¢) t=0.05,

lidification of aqueous NELCI solutions and other such fluids have
been carried out to study the flow struct(il®1—-103. Similarly,
interest lies in understanding microscopic phenomena associated
with solidification. This is an area of intense current research
work. The solidification front can be divided into various morpho-
logical forms such as planar, cellular and dendritic. Various mod-

R

Temperature field

0
duusmmmmmy
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Calculated velocity
and temperature fields

Evaluated velocity

Fig. 33 Experimental and numerical results for water solidifi-
cation driven by convection and conduction
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Fig. 34 Comparison between measured and predicted inter-
face locations during (a) melting, and (b) solidification of pure
tin from a vertical surface [110,111]

els have been proposed and experiments carried out to character-
ize such structures and growfti13,114. For instance, Fig. 36 (b}
shows equiaxed and columnar denritic crystals. Averaging vol-
umes and dendrite envelopes that may be used for modeling of fig: 36 Schematic illustration of the averaging volume and the
microscopic phenomena are shown. dendrite envelopes for (a) equiaxed growth and (b) columnar

The numerical results for continuous casting are shown in ter@owth [113]
of isotherms in Fig. 37, again using the enthalpy methbtb|.
The material is1-octadecane which starts as a liquid at the top and . e
solidifies as it flows through a mold. The buoyancy effects in the Polymer Melting and Solidification.In many polymer pro-
flow are found to be small in this case. The shaded region in€SSing applications, the melting and solidification of the material
cates the demarcation between pure liquid and pure solid. Thefe@n important consideration. In injection molding, for instance,
fore, the liquid fractionf, is 1.0 at the top of the shaded regiorin® Molten polymer is injected under pressure in a mold and, after
and zero at the bottom of this region. A value of 0.5 may be takdfe mold is filled, the material is allowed to cool and thus solidify.
to represent the liquid-solid interface, but the enthalpy meth&phdmcat!on in e_xtrus_|on dies and in channels leading to a mold
yields a finite region over which solidification is predicted to oclS Not desirable since it affects the flow and the pressure due to the
cur. It is seen that the material solidifies over a shorter distance&ulting blockage. The basic flow configuration is shown in Fig.

a larger value of the heat transfer rate, indicated by the Biot nurpe.@ indicating a solidified layer near the boundaries and flow in
ber, as expected. the central core. Work has been done on this problem using the

enthalpy approach discussed earlier. The interface between the
solid and melt regions, and the velocity and temperature distribu-
tions are computefil16]. Some typical results are shown in Figs.

Y Y Y
0.0 05 1.0

Fig. 35 Schematic of double-diffusive convection during so-
lidification of agueous Na ,COj solution at various times follow-
ing start of the solidification process. (@) 10 min; (b) 30 min; (c)
75 min, and (d) 150 min [112].
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Fig. 37 Effect of cooling rate at the mold in terms of the Biot
number Bi on the solidification in vertical continuous casting

of n-octadecane, using the enthalpy method. (a) Bi=0.05, (b)
Bi=0.1, (c) Bi=0.15.
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L fects the quality of the product because of undesirable oscillations,
Different Boundary Conditions generation of voids, and distribution of impurities.

y//////////////%/////////////////////é%%%//////% = Continuous Processing. A continuously moving material un-

Solid layer dergoing processing results in another important complication in

Adiabatic

fiow R, R s:"d_“qui 4 intortace the numerical simulation and experimentation of manufacturing
7 f processes. The cooling of the moving optical fiber before coating
is an example of such processing. If the location of the moving
J Solid layer surface is known, as is the case for the circumstance of Fiy, 7
2 the continuous movement of the boundary may be replaced by
Different Boundary Conditions steps, so that the lengthis held constant over a time increment
At and the transient conduction problem is solved over this inter-
a val. The lengthL is then taken at the increased value for the next

time interval, with the additional finite region adjacent to the base

» o taken at temperatur,, and the computation is carried out for
e this interval. The procedure is carried out until results are obtained
""""""""""" over a given time interval or until the steady state circumstance is
obtained[20]. The corresponding initial and boundary conditions
(t_: o6l ] are
oal 28 t=0: L(t)=0
A | | al
02l o o t>0: atx=0, T=T,; at x=L(t),—k5=hL(T—Ta)
, , . (38)
0.0, 10 20, 30 40 50

whereh, is the heat transfer coefficient at the end of the moving
rod. The problem may be solved analyticdl48] or numerically,

b with the latter approach more appropriate for two- and three-
dimensional problems. As time increases, the length of the_rod
increases and the temperature at the end decreases. At large time,

150 a steady-state distribution arises over the rod and the temperature
1.40 at the moving end reaches the ambient temperature. The problem
0 may then be solved as a steady, continuously moving, infinite rod
max case.
130 Conjugate conditions are very frequently encountered in manu-
facturing processes like hot rolling, extrusion, metal forming and
120 fiber drawing, which was discussed earlier. Conjugate conditions
arise at the surface and the convective transport in the fluid must
1.10 be solved in conjunction with conduction in the moving solid
[117]. The region near the point of emergence of the material has
1.00 large axial gradients and require the solution of the full equations.
However, far downstream, the axial diffusion terms are small and
c a parabolic, marching, scheme may be adopted. This reduces the
computational time, as compared to the solution of the elliptic
Fig. 38 (a) Schematic of polymer solidification in a channel; problem over the entire computational domain. In continuous pro-
(b) dimensionless solid-liquid interface  &'; and (¢) maximum  cessing, interest lies in controlling the local and global processing
temperature 0, in the melt, for different outer wall tempera- of the material to obtain uniformity, high productivity, and desired
tures 6, product characteristics.

Figure 39 shows the typical streamlines for a plate moving in a
quiescent medium. The ambient fluid is drawn toward the moving
surface. Large pressure gradients directed towards the origin give

I,Egse to a small reverse flow in this region. Farther downstream,

38(h) and(c). It is interesting to note that as the temperature at t , <.
boundary is decreased tk?e thickness of the soIiFo)lified layer inis effect dies down and the flow approaches the characteristics
: f a boundary-layer flow, with its thickness growing in the direc-

creases, resulting in greater blockage to the flow. This, in turfl . . .
gn 9 9 of motion. The inclusion of buoyancy effects due to a heated

causes increased viscous dissipation, which heats up the fil} e i th - locity in the bound | b
flowing in the central region. Thus, lowering the wall temperatur@' &€ [NCreases theé maximum velocCity in the boundary layer, be-
nd the plate speed,, if the buoyancy and the plate motion are

ends up increasing the fluid temperature over the parametfd . ; ) o .
P g P P h directed upward, as shown in the figure. This, in turn, in-

ran nsidered here. Complete blockage is not foun f o= !
anges considered here, Complete blockage s not found to oc ggases the heat transfer from the plate. Similarly, other orienta-

because of increased viscous dissipation effects with greaf . .
blockage. tions ha_ve been investigated. _ o
The time-dependent flow that arises at the initial stages of the

Summary. The preceding discussion outlines only a few improcess is also important. Figure 40 shows the numerical results
portant aspects in the modeling of material processing techniqdesan aluminum plate moving vertically upward in water. A long
based on phase change. More work is clearly needed on couplpigte is assumed to start moving at titne0, when the upstream
microscale phenomena with the overall macro-model of the prtemperature is also raised to a temperafyyevhich is higher than
cess and the system. However, recent studies have led to a mineh ambient temperatur€,. The flow is seen to start near the
better understanding of the solidification process than what wamving boundary due to the no-slip conditions. A recirculating
available before. The flow affects the heat and mass transfer pfiow region appears near the heated end, gradually moves down-
cesses, which in turn influence the characteristics of the melt-saditteam, and is finally swept away by the flow. The boundary layer
interface and the rate of melting/solidification. The flow also athickness grows along the direction of motion. The heat transfer
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Fig. 39 (a) Flow in the ambient fluid due to a continuously moving material;
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Fig. 40 Calculated time-dependent streamlines for a heated

aluminum plate moving vertically in water at Pr
and Gr=1000
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=7.0, Re=25,

Pe = 150, Re = 13.6
Gr=10

()

(b) di-
(u/Uy) distribution in the fluid due to a vertically moving heated
plate with aiding buoyancy effects

coefficient from the plate was found to reach a minimum near the
recirculation region. Local hot spots can thus arise in this region.
Buoyancy effects were found to increase with time as the fluid
temperature rises. Therefore, the transient flow and the heat trans-
fer rates can be substantially different from steady state conditions
which are eventually reached and which agree well with experi-
mental results. Many different fluids, materials, and flow condi-

~
T
>

Fig. 41 Sequence of shadowgraph photographs showing the
flow near the surface of an aluminum plate moving vertically
downward in water at a speed of 3.7 cm /s, at Re=140.36 and

Gr/Re?=0.45
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(1) Mass transport to %)'Transpon away from the
reaction zone deposition chamber
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reaction products
(3) Transpont
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film precursor nucleaton and
lattice incorporation
Fig. 42 Schematic of steps in a chemical vapor deposition process [34]

tions, including channel flows and the effect of buoyancy, have Thin films are generally deposited from a gas phase onto a solid
been considered for a wide variety of applications in materiatirface. A chemical reaction takes place during the deposition
processing 20]. process and this is referred to as chemical vapor deposition
A few experimental investigations have also been carried of€VD). The products of the reactions form a solid crystalline or

on this problem and provide the results that can be used for tamorphous layer on the substrate. The activation energy needed
validation of the mathematical/numerical mofi&l8—-12Q. Gen- for the numerous chemical reactions is provided by an external
erally, good agreement has been obtained between numerical badt source. After material deposition on the surface, the byprod-
analytical predictions and experimental results for a wide range wéts of the reactions are removed by carrier gd8d$ The se-
materials, geometries and speeds. However, the occurrence ofguence of events involved in a CVD process are shown schemati-
stability, transition and turbulence at large speeds or at large teaally in Fig. 42. Film thicknesses range from a few nanometers to
perature differences has been found to increase the difference tees of microns. The quality of the film deposited is characterized
tween numerical and experimental results, indicating the need farterms of its purity, composition, thickness, adhesion, surface
better modeling of these flows. Figure 41 shows a sequencenodrphology and crystalline structure. The level of quality needed
shadowgraph photographs of the flow near the surface of an afiepends on the intended application, with electronic and optical
minum plate moving vertically downward. As time increases, materials imposing the most stringent demands. In order to im-
large disturbance leading to flow separation is seen to arise. Tv@ve the quality of the film deposited, it is necessary to under-
flow under consideration is an opposing buoyancy circumstanaand the basic mechanisms that govern the access of the appro-
which could lead to flow separation downstreg22]. The distur- priate chemical species to the substrate. This in turn depends on
bance was found to remain largely at one location and not motres flow, the associated heat and mass transfer in the flow region
downstream, indicating that the observed phenomenon is dueatnd at the surface, and chemical reactions that arise. Large area
opposing buoyancy and not transient effects. The effect is gov-
erned by the local mixed convection parameterX/Gef
=gBATX17, and the effect was found to be larger at larger values
of this parameter. Such disturbances in the flow affect the local
transport at the surface and thus the local characteristics of
product. It is important to understand and control these effects 1
better consistency in the processed material. Induction coil  Silicon walers Suscoptor

oo oo [an a0

inlet

Summary. The flow is driven by forced flow mechanisms, due H NCRF coi
to the moving surface and external pressure field, as well as |yt
buoyancy effects. Thus orientation and geometry are often imp« o0 om @B o o — Exhaust
tant considerations in determining the flow. The flow field influ
ences the thermal transport that can affect the local and aver: Horizontat CVD Reactor Venical CVO Reactor
processing undergone by the material. Transient effects are imp O] ®
tant at the initial stages of the process and also if changes occu
the operating conditions. (Sas IoiaL, ?;:c:;:mm
Chemical Vapor Deposition. The deposition of thin films B ,/"“:g:::‘s' control
on- to a solid substrate has become an important technique SECIR ﬁ:ir_r_;=_.‘_ Exnaust
] “—W—J_ —aa——

materials processing and is of interest in a wide variety of app Quartz bel jar
cations such as those involved with the fabrication of microele Exhaust
tronic circuits, optical and magnetic devices, high performanc Horizontal LPCVD Reactor
. L . Barrel CVD Reaclor
cutting and grinding tools, and solar cells. Though a relativel © CH
new method for materials processing, thin film deposition has
attracted the interest of many researchers because of its relevangess practical CVD reactor configurations:  (a) horizontal re-
to many important areas, high quality of material generated, gogétor, (b) vertical reactor, (c) barrel reactor, (d) conventional
control of the process and overall efficiency of the process.  multiple-wafer-in-tube low-pressure reactor ~ [33]
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Fig. 44 Computed streamlines, temperature distribution, and Nusselt number for different values of dimensionless
susceptor velocity U ¢

film thickness and composition uniformity are achieved by prop€FEM). This is appropriate for complex geometries encountered in
control of the governing transport proces§gs,34. some CVD processing systems. Rotating susceptor, three dimen-

Many different types of CVD reactors have been developed astnal flow, and experimental measurements have also been con-
applied for different applications. Most reactor configurations casidered in various investigations.
be classified into two general classes; the horizontal and the verFigure 44 shows some typical results obtained with a moving
tical reactor. In the horizontal reactor, the heated susceptor smsceptor by Chiu and Jalufig24]. Both analysis and experimen-
which deposition is to be obtained is placed at an angle to the
incoming horizontal flow. The vertical flow reactor has the sus-
ceptor positioned perpendicular to the downward flow. Both types 20
of reactors are commonly used. A few practical CVD reactor con- r
figurations are shown in Fig. 43. In most cases, a batch process is 0
used, with the susceptor stationary or rotating, and after the pro- i
cess is completed the susceptor is removed and a new charge Lsf
undertaken. Though much of the initial effort was directed at sili- 'l
con deposition because of its relevance to the semiconductor in- I
dustry, much of the recent interest is directed at the deposition of
materials such as titanium nitride, silicon carbide, diamond, and
metals like titanium, tungsten, aluminum, and copper.

The quality, uniformity, and rate of deposition are dependent on
the fluid flow in a CVD reactor, on the heat and mass transfer, and
on the chemical reactions that are themselves strongly influenced 0540 ~

by temperature and concentration levels. Mahd# has pre- °oo o\o\o\o\
sented an excellent review on CVD for materials processing. The i ‘P as
flow and heat transfer in CVD reactors were investigated by I SRS

Evans and Greif121], Fotiadis et al[122] and Karki et al[123]. 0.0 b P IS SRS E IR SVE |
) . : 10 20 30

These studies used numerical models based on parabolic govern- Susceptor Length (cm)

ing equations along with experimental data to verify numerical i &

predictions. Analytical models using similarity variables had beqqg_ 45 Comparison between numerical predictions, using the

used in earlier work, followed by numerical models using boungiusion-controlled approximation and the reaction-controlled

ary layer approximations. One and two dimensional studies wefigemical modeling, and experimental results of Eversteyn
carried out by Fotiadis et aJ122] using finite element methods et al. [125]

o Experimental
— — — — Diffusion-Controlled
Reaction-Controlied

Deposition Rate (Lm/min)
=
L

Journal of Fluids Engineering JUNE 2001, Vol. 123 / 203



1.00

075

0.25 |

0.00

Fig. 46 Comparison between experimental observations and numerical predictions of streamlines
at Re=9.48 and Re =29.7 for a ceramic susceptor

tal studies have indicated the feasibility of such continuous méack of accurate data for deposition of metals and other materials
tion. Clearly, continuous processing is a very desirable featugea major problem in accurate prediction of the deposition rate.
since it will impact positively on production rates of the processed Experimental studies have also been carried out on the flow in
materials. It is seen that, at small susceptor speeds, the effectcbannels, such as those shown in Fig)2for CVD applications

the flow and the temperature field is relatively small, making [33,126,12T. Predicted streamlines are compared to experimental
possible to use a continuous process. Also, the speed and directibeervations in Fig. 46 for flow of air in a straight horizontal
of motion may be used advantageously to affect the film qualitghannel over a susceptor heated by a uniform heat flux source, for
Conjugate transport at the heated surface is also an importamo flow rates. As the gas travels over the heated susceptor, gas
consideration, since in actual practice thermal energy is supplieéating gives rise to buoyancy effects. In the case of the lower Re,
to the susceptor, often at a constant rate, and the temperat@mmume develops above the susceptor. This flow pattern generates
distribution at the surface depends on the transport processes that transverse rolls, with their axis of rotation perpendicular to
arise. An isothermal condition is an idealization and is rarelhe flow direction. The upstream roll produces a recirculation re-
obtained. gion, while the downstream roll entrains flow from outside. These

Experimental Results. Figure 45 shows a comparison between
the silicon deposition rate computed using the chemical kinetics
expression given by Eq17) with the measurements of Eversteyr o IGF
et al. [125]. A fairly good agreement is observed. This mode -aetCs e —— )
assumes chemical kinetics limited deposition. Similarly, a difft— T amsiar Blow
sion limited case was considered where the deposition is large
restricted by the transport process. A large discrepancy is Seb) Re=29.7, Gr=4.3x10°
near the susceptor’s leading edge in this case. The reacti—
controlled deposition model thus yields much better agreeme—:
with experimental results. The reaction-controlled depositic ¢) Re=048, Greg 3x10°
model accounts for the deposition rate dependence on tempera— pe——————
and species concentration at the deposition surface. Dependinc—
the materials involved, the deposition characteristics may be tak™™
as diffusion or kinetics limited. Of course, the problem is fairly
complicated and the transport processes as well as the chemg;&l 47 Side view and tail view of the flow pattern in a con-
reactions must be considered at the surface and in the gas phasgf@ing channel with 8 deg tilt. Tail views are located at the end
satisfactorily model the overall deposition process. Even thoughthe heated section with a light sheet oriented perpendicular
kinetics results are available for common materials like silicorg the main flow.

Transverse Rolls

(Sideview) (Tailview)
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rolls can have significant effect on the deposition rate and fili _—
uniformity due to the convective displacement of reactants at ] O 1
effect on heat transfer rates. As Re is increased, the plume sh S
downstream due to greater bulk gas flow. Consequently, the t
transverse rolls become smaller and flow entrainment from tl
outside is reduced. The appearances of oscillatory flow, turbule
flow, transverse and longitudinal rolls are found to be depende
on the channel cross-sectional aspect ratio, flow rate and heat
rate.

Significantly different flow regimes are observed when th
same parametric space is examined for a converging channel w
an 8 deg tilted heating section. The flow remains steady and lar
nar over a larger range of conditions, as compared to a straig
channel, since the reduction in channel height increases the lo
gas velocity and diminishes the relative effect of the buoyanc
force. When the flow rate and heating rate are increased, the tr.
sition to a new flow regime, composed of longitudinal rolls witt (a)
the axis of rotation parallel to the main flow, occurs. The sid
view of this regime shows oscillatory flow. The tail view reveals (b)
the presence of rolls along the heated plate. These rolls are un-
steady in nature and their presence promotes mixing within tiegy. 48 (a) Schematic of the high-pressure liquid-
channel. Buoyancy effects increase as Re is decreased or as Ghégpsulated Czochralski crystal growing system; (b) grid dis-
increased, and a thermal plume appears above the heated platéjagion, flow field and melt-crystal interface at three instants
shown in Fig. 47. The corresponding side view shows the break@ftime showing strong oscillatory behavior which damps out
of longitudinal roll structures. When this condition occurs, that large time [130]
flow shifts to a regime dominated by transverse rolls. The plume
generated above the heated plate creates an upstream transverse

roll which is observed to be two-dimensional near the center efystal growth in which the furnace has an upper zone at tempera-
the channel. Near the exit, the flow structure breaks up into ty{;re above the melting point and a lower zone at temperature
bulent flow. The transition from longitudinal rolls to transversgg|ow the melting point, have been developéd,129. The Czo-

rolls is defined by fitting a curve across the transition zone, yielgdtraiski method has dominated the production of single crystals
ing a critical mixed convection parameter of Gr"R€000. The for microelectronics and has been the subject of considerable re-
effect on the temperature field and on the heat transfer is als@arch interesf129,13Q. The fluid flow phenomena involves
studied. In the design of CVD reactors, entrainment at the exit apdloyancy-driven convection due to temperature and concentration
transverse rolls are undesirable. Flow entrainment introducg@diems, forced and mixed convection because of moving sur-
byproducts and other forms of contaminants onto the depositigftes and materials, thermocapillary flows because of surface ten-
surface, thereby lowering product quality. Rolls may act like sta@ion gradients, phase change, and thermal and mass transport pro-
nation zones, preventing the desired species from migrating to f#sses. The main concerns are very similar to those in casting and
deposition surface. These issues must be considered in deg@iler phase-change processes. The flow affects the quality of the
when CVD reactors are designed. crystal through oscillations, instability, effect on local and average
transport rates, and distribution of impurities.
Though Silicon crystals have been of particular interest in the
brication of electronic devices, there has been growing interest
In GaAs, InP and other such compounds because of their use in
Mgrious electro-optic applications. An encapsulant layer of a very
é@cous melt such as boric oxide is placed over the melt to curb
cape of volatiles in these cases. Figur@j8hows a schematic

the high pressure liquid-encapsulated Czochralski process, in-
icating various mechanisms that aridg0, 131. The flow in the
melt arises under the combined effects of buoyancy, surface ten-

Additional Flows. The preceding discussion has presentesion and rotation. Similar mechanisms arise for the process shown
several important materials processing techniques and outlined ieFig. 2(@). Several studies have considered these mechanisms
present state of the art in analysis, numerical simulation and eseparately, as well as together, to determine the dominant ones
perimentation of the fluid flows associated with these. Howeveaand to develop methods to control undesirable flow-induced ef-
as mentioned earlier, materials processing is a vast field and ifésts. The flow due to the combined effects of these mechanisms
not possible to cover all the different techniques and systems useghown in Fig. 48), indicating oscillatory behavior of the flow
for fabricating new, advanced or traditional materials. The precednd of the melt-crystal interface. Oscillations damp out at large
ing discussion presents just a few important processes. There taree. However, at higher rotational speeds, the oscillatory behav-
many more processes in which fluid flow is of critical importancer increases and the process is difficult to simulate due to thin
and which have seen intense research activity in recent yedreundary layers. An applied magnetic field has been found to
Three such processes are outlined below to bring out some addippress oscillations and result in a flat interfat80]. Various
tional concerns and to link these with the flows considered earli@ther aspects, such as three-dimensional effects, continuous
rowth system, thermal boundary conditions, and convection in

Cr_ystal Growmg._ This is a very important area since mosty h-pressure liquid-encapsulated Czochralski crystal growth,
semiconductor devices are fabricated from single crystals grow ve been investigated

from the vapor phase or from the melt. The former generally
involves sublimation and chemical transport in a sealed enclosuréMicrogravity Materials Processing. Over the past two de-
[128]. The latter was mentioned earlier and sketches of two incades, there has been considerable interest in materials processing
portant techniques, Czochralski and floating zone, were shownunder microgravity conditions. Such an environment would be
Fig. 2. Several other crystal growth techniques, such as Bridgmaltained, for instance, in laboratories orbiting in space and would

gradients convection

Buoyancy-Driven
Fiow
Melt

Surtace-Tension
ar
o

000000000]

[OCO0OO000000]

Heater

Summary. The flow in the CVD reactor affects the tempera
ture and concentration fields, which determine the local and aver
age deposition rates. Instability and oscillations in the flow c§
affect the film quality, particularly its uniformity. The flow de-
pends on the geometry, operating conditions like flow rate, te
perature, and inlet species concentration, and the fluids involv
Detailed investigations are needed on the chemical kinetics, i)
associated flow and the resulting deposition for a variety of ne
and emerging materials.
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allow the processing of materials to be carried out with reducdxhavior of droplets, particularly with respect to nucleation and
effects of the terrestrial gravitational field. As discussed earliesplidification, are also considered. The overall problem is obvi-
buoyancy-driven flows in the melt of a crystal growing systemusly very complicated since it involves complex flows with free
affect the quality and characteristics of the crystal by impacting droundaries, moving surfaces, phase change, and rapid changes
the solidification process, local transport rates and the naturewath time. However, because of the advantages it offers in mate-
the liquid-solid interface. Similarly, gravity plays an importantial fabrication, in terms of speed and quality, substantial research
role in the shape of the meniscus in the fiber coating process aftbrt is directed at the thermal spray process at present.

in the neck-down profile in optical fiber drawing. Thus, by

controlling the gravitational force, we could influence the result- System Simulation, Design anc_i Optlmlzatl_on. Another_lm- .
ing flow and thus the process and the final produ&2,133 portant aspect that must be mentioned here is the numerical simu-

Consequently, substantial research effort is being directed in th”llé'on of the overall system, since the process undergone by the

Mmaterial is a consequence of the flow and energy exchange with
iggn?zyatz\éﬁsA’ the European Space Agency, and other SPRKE various components of the system. The numerical simulation

of the system refers to the use of the numerical model to obtain a

S ;2: gﬂi\xteavtgn?tlifso;\%? Izserrgii%egutg r;r:fh_ dsrri?/glrllefrloe\l/vrgo?r?éz Eﬂjantitative representation of the physical system and to charac-
pace. H ' ; yancy ' gg'rize its behavior for a given design or set of operating conditions
substantially reduced, are still present. Similarly, other effects d Rd for variations in these. Consider, for instance, a typical elec-

to gravity are present in reduced form. Also, several other eﬁe(i cal furnace, which consists of the heater, walls, insulation, inert

and mechar_usms that are re!atlvely small on t_he _Earth l:_)eco Ss environment and the material undergoing heat treatment. The
much more important. These include thermocapillarity, orbital r P

nsport mechanisms in all these components are coupled through

ﬁﬁposed pressure difference, such as that due to a fan or a blower,

‘ X " X ; Wy moving materials in continuous processing, and by buoyancy.
under microgravity conditions. Attention has been directed at th€, -, individual component may first be numerically simulated as
resulting steady flows that would affect the solidification ProceSfcoupled from the others, by employing prescribed boundary
and the solid-liquid interface. Since instabilities and oscillationsyngitions. Then, these indi‘vidual simulations are combined, em-
are not desirable for a uniform, defect-free, crystal of high purityysying the appropriate coupling through the boundary conditions.
extensive work has been done on the onset of instability, natur is procedure provides a systematic approach to the numerical
oscillatory flows that arise and the different flow regimes thaliy,yiation of the system, which may be a simple one or a com-
result for various governing parameters such as Prandtl, Mgicated practical ong23,43. Once the simulation of the system
rangoni, and Biot numbers34—137. The nature of flow under ig achieved, with satisfactory experimental validation, the design
spguﬂed conditions, the critical Marangonl numbers, and the St;ihd optimization of the process as well as of the system may be
bility diagrams have been determined. Both numerical and expefidertaken. The results obtained from the simulation provide the
mental studies have been carried out, including experiments Unggtessary inputs for improving existing designs and developing
microgravity. Many papers have focused their attention on crystghyy ones for improving the productivity and the product quality
growing processes like floating zone and Czochralski methogs, 5 given manufacturing procefs].

Many other aspects of materials processing under microgravity,

such as bubble migration, film deposition and deforming inter-

faces, have also been investiga{d®8,139. Such efforts con-

tinue and are expected to lead to a much better understanding of

the fluid flow for materials processing under microgravitfPresent State-of-the-Art

conditions.

mocapillarity since this is often the dominant mechanism for flo

It is obvious from the preceding review that the fluid flow phe-

Thermal Sprays. This is another area which has received corlomena associated with a wide variety of materials processing
siderable attention as a viable process for manufacturing near-ig@hniques have been investigated in detail. Mathematical models
shape structured materials. Sprays containing droplets of the _Qéyanous complex circumstances th_at arise in materlals process-
sired deposition material are directed at a chosen substrate #Htl have been developed and applied to practical systems and
deposited by rapid solidification. The process is fast since maRyocesses. Some of the common situations are:
processing steps are eI.iminated and rapid. §0Iidification elimina}tesl Moving and free boundaries
macro-segregation which weakens traditionally cast materlals2 Combined transport mechanisms

[140]. Superior properties associated with fine-grained micro- 3 Conjugate conditions that couple different regions

structures and non-equilibrium phases are usually obtained. Ay yiachanisms occurring at different length and time scales
wide variety of materials, such as aluminum, tin, and various al- 5 Flows with phase change and chemical reactions

loys havg been employed in the dro'plet-based manufacturing prog Large material property changes

cess. This process involves generating the droplets, the convective \on-Newtonian flows

flow in the spraying process, droplet impact and deformation, and8 Particulate flows

rapid solidification[140—144. Plasma spraying is used for fabri-

cating ceramics, particularly nanostructured ceramics, and variousrhough numerical approaches have been most extensively used

other material§145,144. to solve the governing equations, analytical solutions have also
Much of the effort in these and other papers has focused been obtained for certain simplified and idealized cases. These

rapid solidification because the properties of the final product anave been mainly used for validating numerical models and for

strongly dependent on this process. Various models have bgenviding physical insight into underlying mechanisms. Experi-

developed and carefully conducted experimental data have beeental results have also been obtained in a limited number of

used for validating and improving the models. The impact of thibows in order to validate the numerical models and to provide

droplet on the surface, its deformation and spread, and the soligisidelines for model development by increasing the basic under-

fication time are determined. The velocity field inside the spreadtanding of the process.

ing droplet is computed and the free surface is tracked. The so-Much of the effort in this area has been directed at the numeri-

lidification process is then treated with multi-dimensional modelsal modeling and simulation of processing. Using advances in

to determine pores, cavities and other defects. The stagnation-floemputational fluid dynamics, many specialized techniques have

problem is investigated to model the spray and its impingement been developed to simulate the complexities that typically arise in

a substrate, involving solidification of liquid in motion. In-flight materials processing. These include
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1 Coordinate transformations for grid generation in complex 6 Characteristics of free surfaces and interfaces.

domains 7 Effect of flow on product characteristics and thus on the op-
Coupling of different regions and mechanisms eration and optimization of the process and system.

Finite difference, finite element and other approaches 8 Development of new products, processes and systems on the
Simulation of deforming materials basis of underlying fluid phenomena.

Solution of inverse problems

Modeling complicated boundary conditions
Solution of time-dependent problems
Other complications mentioned earlier

Important Processes for Future Study. Several important
materials processing techniques and systems have been consid-
ered in this review and their future reseach needs have been out-
lined. However, there are many others that need careful detailed

Advantage has been taken of advances in computational hairdrestigation because of their growing importance. Some of the
ware and software for visualization, improving accuracy, and famportant processes that are expected to be important in the future
reducing computational storage and time. Similarly, experimentahd that should be targeted for research are:
work has relied heavily on the techniques developed for flow vi-
sualization and measurement, such as laser Doppler anemometry
particle image velocimetry, infra-red, laser and video imaging,
high-speed photography, as well as traditional methods of mea-
suring flow, temperature, pressure and other variables. Specialized
techniques for measuring, for instance, temperature and velocity
in a rotating screw extruder, have been developed to investigate
flow phenomena in materials processing. The preceding review
has presented several analytical, numerical and experimenta
methods that have been employed to investigate these flows.

oO~NOUTAhWN

1 Chemical reaction based processing
2 Biological systems and biomaterials
3 Droplet-based manufacturing: rapid solidification, thermal
and plasma sprays
4 Advanced polymers and composites
5 Crystal growth
6 Space-based materials processing
|7 High speed coating
8 Processing of ceramics, glass, nanostructured ceramics
9 Laser processing
10 Solidification of alloys and mixtures
Future Research Needs 11 Power processing
Our understanding of flow phenomena in materials processing
has grown significantly over the last three decades. Howev@opncluding Remark

there are still many areas that need detailed and concentrated furlfinally, It must be stressed that fluids engineering research can

tehgeorr;Q\S/?t't%?'%rﬁbgv?ﬁgse are considered in terms of separate ?l%t{)act on the growing and important field of materials processing
) only if significant effort is also directed at understanding the basic
Critical Areas. The three main areas that are in critical neethechanisms and processes that govern changes in the material. It
of further study are: is not enough to use available kinetics or information on material
1. Material properties In many of the simulations and experi-behavior to model the relevant fluid flow phenomena. One must
ments, the material properties available in the literature have ba#tderstand how the observed phenomena affect the material prop-
used. Frequently, data are available only under standard corities, structure and characteristics. This makes the study of fluid
tions, even though the processes occur at much higher temperafl@®e& phenomena in materials processing challenging, interesting
and pressure. Equations for chemical kinetics are often not avaind useful.
able or only a few data points are available. Therefore, the mea-
surement and availability of accurate material properties are ciNcknowledgments
cial to a study in this area. . . .
2. Experimentation It has been mentioned that experimental 11iS review was made possible by the Freeman Scholar Pro-

; in Fluids Engineering of ASME. The author is grateful to
results are very sparse because of the time and effort needed in . ; -
accurate data. However, experiments are strongly needed for vi¢ Program and the Staqldlnfg Committee r?.f C'hT' CroGieain),
dation of models and for providing inputs and insight for future®: A. Bajura and M. L. .B' et for providing im this opportunity.
model development. he support of the National Science Found_atlon, of the industry,

3. Coupling of micro/macro scalest is very important to sat- and of the New Jersey Commission on Science and Technology
isfactorily link the transport mechanisms at the microscale WheF%IOUQh varlous.Centers. for much of the work reported here and
oF the preparation of this paper is gratefully acknowledged. The

material processing generally occurs with those at the macro h | K led h K d b | d
engineering scale where the appropriate boundary conditions Hnor also acknowledges the work done by several students,
qeferenced here, that made it possible to present this review.

imposed. A few studies have considered this aspect, as mentio ided by Prof K q i Ul
earlier. But much more needs to be done in order to link materi |gkure |6dwa; provided by Prof. S. Kou and is gratefully
quality with the operating and design conditions. acknowledged.

Additional Topics. Besides these three major areas that neddomenclature
gémgro;n%%sﬁgﬂogﬁevgogre.|s needed on several other tOp'CB;bm,B= constants, Eq€20), (22, and (23)
: Bi = Biot number, Bi=hL/kq

1 New and innovative experimental techniques for realistic C, = Species concentration
materials which are often opaque and for measurements under C = specific heat
high temperature and pressure. C, = specific heat at constant pressure

2 Numerical techniques for very large material property € = unit vector in the direction of gravitational force
changes and for coupling the transport equations with the chemi- E = activation energy
cal kinetics which may involve several different reactions, with Ec = Eckert number, Eq(35)
different reaction rates, activation energy, and other constants. ~ f; = liquid mass fraction

3 Flow circumstances involving complex materials such asF(t) = cumulative residence time function, E@7)
powders, particulates, granules, and highly porous materials. F = body force vector

4 Accurate numerical modeling of combined mechanisms, g = magnitude of gravitational acceleration
multiple domains, multiphase flows, and conjugate conditions. Gr = Grashof number, Eq35)

5 Instability of the process due to underlying flow instability h = convective heat transfer coefficient
mechanisms. Effect of these instabilities on process feasibility. H = enthalpy
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H° = enthalpy at 0 K
i = unit vector inx-direction
k = thermal conductivity
K = bulk viscosity, reaction rate

K. = consistency index for non-Newtonian fluid, EG9)
L = characteristic length
L, = latent heat of fusion
m = mass flow rate
Ma = Marangoni number
n = power-law fluid index
N = speed in revolutions/mifrpm)
p = local pressure
p. = hydrostatic pressure
py = dynamic pressure due to fluid motion
Pr = Prandtl number, Eq.35)
g = heat flux
q, = dimensionless volume flow rate in an extruder

Q = volumetric source

R = universal gas constant, radius
Re = Reynolds number, Eq35)
Sr = Strouhal number, Eq35)

t = time
T = temperature
u,v,w = velocity components ix, y, andz directions, respec-
tively

U, Ug = speed of a moving solid or source
V = velocity vector
We = Weber number
X = position vector
X, ¥, z = coordinate distances
X,Y,Z = dimensionless coordinate distances

Greek Symbols

a = thermal diffusivity
B = coefficient of thermal expansion
y = strain rate
6 = location of interface between solid and liquid
e = surface emissivity
N = second viscosity coefficient
m = dynamic viscosity of fluid
v = kinematic viscosity
& = viscous dissipation function
p = density
o = surface tension
0 = dimensionless temperature
7 = shear stress

Subscripts
a = ambient
b = barrel, wall
i = initial, inlet
| = liquid
m = melting point
o = reference
s = solid, surface

References

[1] Jaluria, Y., 1998Design and Optimization of Thermal SysteMsGraw-Hill,

New York.

[8] Altan, T., Oh, S. I., and Gegel, H. L., 197Metal Forming: Fundamentals
and ApplicationsAmer. Soc. Metals, Metals Park, OH.

[9] Fenner, R. T., 197%rinciples of Polymer Processinghemical Publishing,
New York.

[10] Easterling, K., 1983Introduction to Physical Metallurgy of Weldip@utter-
worths, London, U.K.

[11] Hughel, T. J., and Bolling, G. F., eds., 198ylidification Amer. Soc. Metals,
Metals Park, OH.

[12] Kuhn, H. A., and Lawley, A., eds., 197Bpwder Metallurgy Processing, New
Techniques and Analysidcademic Press, New York.

[13] Chen, M. M., Mazumder, J., and Tucker, C. L., eds., 198Biahsport Phe-
nomena in Materials ProcessiigHTD Vol. 29, Amer. Soc. Mech. Engrs.,
New York.

[14] Li, T., ed., 1985,0ptical Fiber Communications, Vol. 1: Fiber Fabricatipn
Academic Press, New York.

[15] Poulikakos, D., ed., 1996Transport Phenomena in Materials Processing
Adv. Heat Transfer, Academic Press, San Diego, I8A

[16] Viskanta, R., 1988, “Heat Transfer During Melting and Solidification of Met-
als,” ASME J. Heat Transfer]10, pp. 1205-1219.

[17] Lee, S. H.-K., and Jaluria, Y., 1996, “Effect of Variable Properties and Vis-
cous Dissipation During Optical Fiber Drawing,” ASME J. Heat Transfer,
118 pp. 350-358.

[18] Lee, S. H.-K., and Jaluria, Y., 1996, “Simulation of the Transport Processes in
the Neck-Down Region of the Furnace Drawn Optical Fiber,” Int. J. Heat
Mass Transf.40, pp. 843—-856.

[19] Jaluria, Y., 1996, “Heat and Mass Transfer in the Extrusion of Non-
Newtonian Materials,” Adv. Heat Transfe28, pp. 145—230.

[20] Jaluria, Y., 1992, “Transport from Continuously Moving Materials Undergo-
ing Thermal Processing,” Annu. Rev. Heat Trans#rpp. 187-245.

[21] Jaluria, Y., 1980,Natural Convection Heat and Mass Transféergamon
Press, Oxford, UK.

[22] Gebhart, B., Jaluria, Y., Mahajan, R. L., and Sammakia, B., 1B88yancy-
Induced Flows and TranspgrfTaylor and Francis, Philadelphia, PA.

[23] Jaluria, Y., and Torrance, K. E., 1986pmputational Heat Transfeiaylor
and Francis, Philadelphia, PA.

[24] Ramachandran, N., Gupta, J. P., and Jaluria, Y., 1982, “Thermal and Fluid
Flow Effects During Solidification in a Rectangular Enclosure,” Int. J. Heat
Mass Transf.25, pp. 187-194.

[25] Bennon, W. D., and Incropera, F. P., 1988, “Developing Laminar Mixed
Convection with Solidification in a Vertical Channel,” ASME J. Heat Trans-
fer, 110, pp. 410-415.

[26] Viswanath, R., and Jaluria, Y., 1993, “A Comparison of Different Solution
Methodologies for Melting and Solidification Problems in Enclosures,” Nu-
mer. Heat Transfer, Part R4B, pp. 77-105.

[27] Prescott, P. J., and Incropera, F. P., 1996, “Convection Heat and Mass Trans-
fer in Alloy Solidification,” Adv. Heat Transfer28, pp. 231-338.

[28] Harper, J. M., 1981Extrusion of Foods: Volume ICRC Press, Boca Raton,
FL.

[29] Kokini, J. L., Ho, C.-T., and Karwe, M. V., eds., 199290d Extrusion Science
and TechnologyMarcel Dekker, New York.

[30] Wang, S. S., Chiang, C. C., Yeh, A. I, Zhao, B., and Kim, I. H., 1989,
“Kinetics of Phase Transition of Waxy Corn Starch at Extrusion Temperatures
and Moisture Contents,” J. Food. Scb4, pp. 1298—-1301.

[31] Abib, A. H., Jaluria, Y., and Chiruvella, R. V., 1993, “Thermal Processing of
Food Materials in a Single Screw Extrudetieat Transfer in Food Process-
ing, ASME Heat Transfer Div., Vol. 254, ASME, New York, pp. 57-67.

[32] Chiruvella, R. V., Jaluria, Y., and Karwe, M. V., 1996, “Numerical Simula-
tion of Extrusion Cooking of Starchy Materials,” J. Food. Engp, pp. 449—
467.

[33] Jensen, K. F., Einset, E. O., and Fotiadis, D. I., 1991, “Flow Phenomena in
Chemical Vapor Deposition of Thin Films,” Annu. Rev. Fluid MecB3, pp.
197-232.

[34] Mahajan, R. L., 1996, “Transport Phenomena in Chemical Vapor-Deposition
Systems,” Adv. Heat Transfeg8, pp. 339-425.

[35] Jensen, K. F., and Graves, D. B., 1983, “Modeling and Analysis of Low
Pressure CVD Reactors,” J. Electrochem. SG80, pp. 1950-1957.

[36] Jaluria, Y., 1996,Computer Methods for Engineeringaylor and Francis,
Washington, DC.

[37] Chiu, W. K.-S., Jaluria, Y., and Glumac, N. C., 2000, “Numerical Simulation
of Chemical Vapor Deposition Processes Under Variable and Constant Prop-
erty Approximations,” Numer. Heat Transfe37, pp. 113-132.

[38] Tadmor, Z., and Gogos, C., 197Brinciples of Polymer ProcessingViley,
New York.

[2] Doyle, L. E., Keyser, C. A., Leach, J. L., Scharder, G. F., and Singer, M. B.[39] Pearson, J. R. A,, and Richardson, S. M., eds., 1@88nputational Analysis

1987, Manufacturing Processes and Materials for EnginedPsentice-Hall,
Englewood Cliffs, NJ.

[3] Schey, J. A., 1987 Introduction to Manufacturing Processe€nd Ed.,
McGraw-Hill, New York.

[4] Kalpakjian, S., 1989Manufacturing Engineering and Technologyddison-
Wesley, Reading, MA.

[5] Szekely, J., 1979Fluid Flow Phenomena in Metals Processinycademic
Press, New York.

[6] Ghosh, A., and Mallik, A. K., 1986Manufacturing SciengeEllis Horwood,
Chichester, U.K.

[7] Avitzur, B., 1968, Metal Forming: Processes and AnalysislcGraw-Hill,
New York.

208 / Vol. 123, JUNE 2001

of Polymer ProcessingAppl. Sci. Pub., London, UK.

[40] Karwe, M. V., and Jaluria, Y., 1990, “Numerical Simulation of Fluid Flow
and Heat Transfer in a Single-Screw Extruder for Non-Newtonian Fluids,”
Numer. Heat Transfer.7, pp. 167-190.

[41] Choudhury, S. Roy, Jaluria, Y., and Lee, S. H.-K., 1999, “Generation of
neck-down profile for furnace drawing of optical fiber,” Numer. Heat Trans-
fer, 35, pp. 1-24.

[42] Jaluria, Y., 1976, “Temperature Regulation of a Plastic-Insulated Wire in
Radiant Heating,” ASME J. Heat Transfe8, pp. 678—680.

[43] Jaluria, Y., 1988, “Numerical Simulation of the Transport Processes in a Heat
Treatment Furnace,” Int. J. Numer. Methods Erp, pp. 387—-399.

[44] Siegel, R., 1978, “Shape of Two-Dimensional Solidification Interface During

Transactions of the ASME



Directional Solidification by Continuous Casting,” ASME J. Heat Transfer, [74] Paek, U. C., 1999, “Free Drawing and Polymer Coating of Silica Glass Opti-

100, pp. 3-10. cal Fibers,” ASME J. Heat Transfel,21, pp. 775-788.
[45] Siegel, R., 1984, “Two-Region Analysis of Interface Shape in Continuous[75] Goren, S. L., and Wronski, S., 1966, “The Shape of Low-Speed Jets of New-
Casting with Superheated Liquid,” ASME J. Heat Transf6, pp. 506—-511. tonian Liquids,” J. Fluid Mech.25, pp. 185-198.
[46] Chu, T. Y., 1975, “A Hydrostatic Model of Solder Fillets,” The Western [76] Nickell, R. E., Tanner, R. I., and Caswell, B., 1974, “The Solution of Viscous
Electric Engineerl19, No. 2, pp. 31-42. Incompressible Jet and Free-Surface Flows using Finite-Element Methods,” J.
[47] Kou, S., 1996 Transport Phenomena and Materials Processingley, New Fluid Mech.,65, pp. 189-206.
York. [77] Lewis, J. A., 1977, “The Collapse of a Viscous Tube,” J. Fluid Me@&1, pp.

[48] Jaluria, Y., and Singh, A. P., 1983, “Temperature Distribution in a Moving 129-135.
Material Subjected to Surface Energy Transfer,” Comput. Methods Appl.[78] Gifford, W. A., 1982, “A Finite Element Analysis of Isothermal Fiber Forma-
Mech. Eng. 41, pp. 145-157. tion,” Phys. Fluids,25, pp. 219-225.

[49] Choudhury, S. Roy, and Jaluria, Y., 1994, “Analytical Solution for the Tran-[79] Levich, V. G., and Krylov, V. S., 1969, “Surface-Tension Driven Phenom-
sient Temperature Distribution in a Moving Rod or Plate of Finite Length with ena,” Annu. Rev. Fluid Mech.1, pp. 293-316.

Surface Heat Transfer,” Int. J. Heat Mass Tran3, pp. 1193—1205. [80] Dianov, E. M., Kashin, V. V., Perminov, S. M., Perminova, V. N., Rusanov, S.

[50] Kwon, T. H., Shen, S. F., and Wang, K. K., 1986, “Pressure Drop of Poly- Y., and Sysoev, V. K., 1988, “The Effect of Different Conditions on the
meric Melts in Conical Converging Flow: Experiments and Predictions” Drawing of Fibers from Preforms,” Glass Techndl9, No. 6, pp. 258—262.
Polym. Eng. Sci.28, pp. 214-224. [81] Choudhury, S. Roy, and Jaluria, Y., 1998, “Practical Aspects in the Thermal

[51] Lin, P., and Jaluria, Y., 1997, “Conjugate Transport in Polymer Melt Flow Transport During Optical Fiber Drawing,” J. Mater. Re$3, pp. 483-493.
Through Extrusion Dies,” Polym. Eng. ScB7, pp. 1582-1596. [82] Yin, Z., and Jaluria, Y., 2000, “Neck Down and Thermally Induced Defects in

[52] Patankar, S. V., 1980 umerical Heat Transfer and Fluid Flgwraylor and High Speed Optical Fiber Drawing,” ASME J. Heat Transfé22, pp. 351—
Francis, Philadelphia, PA. 362. ) ) )

[53] Mallinson, G. D., and de Vahl Davis, G., 1973, “The Method of False Tran-[83] Paek, U. C., and Runk, R. B., 1978, “Physical B?haV'OV of the Neck-down
sient for the Solution of Coupled Elliptic Equations,” J. Comput. Phy&,, Region during Furnace Drawing of Silica Fibers,” J. Appl. Phy49, pp.
pp. 435-461. 4417-4422.

[54] Leonard, B. P., 1997, “Bounded Higher-Order Upwind Multidimensional [84] Paek, U. C., Schroeder, C. M., and Kurkjian, C. R., 1988, “Determination of
Finite-Volume Convection-Diffusion Algorithms,”Advances in Numerical the Viscosity of High Silica Glasses During Fibre Drawing,” Glass Technol.,
Heat Transfey Minkowycz, W. J. and Sparrow, E. M., eds., Vol. 1, Taylor and 29, No. 6, pp. 263-266. ) .

Francis, Philadelphia, PA, pp. 1-57. [85] Issa, J., Yin, Z., Polymeropoulos, C. E., and Jaluria, Y., 1996, “Temperature

[55] Peaceman, D. W., and Rachford, H. H., 1955, “Numerical Solution of Para-  Distribution in an Optical Fiber Draw Tower Furnace,” J. Mater. Process.
bolic and Elliptic Differential Equations,” J. Soc. Ind. Appl. Matf8, pp. Manuf. Sci.,4, pp. 221-232. . o
28-41. [86] Liu, Y., and Polymeropoulos, C. E., 1998, “Measurement and Prediction of

[56] Acharya, S., 1994, “Solution-Adaptive Techniques in Computational Heat Thermocouple Probe Temperatures Within Glass Rods Subjected to Radiative
Transfer and Fluid Flow,” Springer, Heidelberg, Germaidy pp. 447—467. Heating,” Proc. 11th Int. Heat Transfer ConfKyongju, Korea, Taylor and

[57] Sastrohartono, T., Esseghir, M., Kwon, T. H., and Sernas, V., 1990, “Numeri-__Francis, Philadelphia, Vol. 4, pp. 27-32. . ) , )
cal and Experimental Studies of the Flow in the Nip Region of a Partially[87] Chr|§tod9ulou, K N., and Scriven, L. E., 1989, “The Fluid Mechanics of Slide
Intermeshing Co-Rotating Twin Screw Extruder,” Polym. Eng. S0, pp. Coating,” J. Fluid Mech.208 pp. 321-354. L .
13821398, [88] Dussan, E. B., Ram_g, E., and Garc_)ff, S., 1991, lOn Identlfylng the Approprl'—

[58] Sastrohartono, T., and Kwon, T. H., 1990, “Finite Element Analysis of Mix- ate_Boundary Qondmons at a Moving Contact Line: an Experimental Investi-
ing Phenomena in Tangential Twin Screw Extruders for Non-Newtonian Flu- gation,” J. Fluid Mech. 230, pp. 97-116. . - .
ids,” Int. J. Numer. Methods Eng30, pp. 1369—1383. [89] Chen, Q., Rame, E., and Garoff, S., 1997, “The Velocity Field Near Moving

" s . : Contact Lines,” J. Fluid Mech.337, pp. 49-66.
[59] Kwon, T. H., Joo, J. W., and Kim, S. J., 1994, “Kinematics and Deformation i ; L )
Characteristics as a Mixing Measure in the Screw Extrusion Process,” Polyn{.go] g:;_re%a 1999, “Fluid Coating on a Fiber,” Annu. Rev. Fluid Mec3t, pp.

Eng. Sci.,34, pp. 174-1809. . - . .
: . f [91] Blyler, L. L., and DiMarcello, F. V., 1980, “Fiber Drawing, Coating and
[60] Kalyon, D. M., Gotsis, A. D., Yilmazer, U., Gogos, C., Sangani, H., Aral, B., Jacketing,”Proc. |IEEE 68, pp. 1194-1198.

and Tsenoglou, C., 1988, “Development of Experimental Techniques an o . ) - .
Simulation Methods to Analyze Mixing in Co-Rotating Twin Screw Extru- ?92] 'llt"gsrl:ﬁc?l. LCT419§S 1'(‘)'11938'1_?8;8(1 High Strength Fiber Coating,” J. Lightwave

sion,” Adv. Polym. Technol.8, pp. 337-353. N . ns . . I
[61] Rauwendaal, C., 198®o0lymer ExtrusionHanser Pub., New York. (93] g't?;zﬁr:ﬁg Knenﬁggugucﬁattj/ré_ggggr) ﬁ\gaE;;raspﬂirg‘l? Coatings Via Tip
[62] Esseghir, M., and Serna.s’ V 1991' “A Cam-Driven Probe for MeasuremenEgA] Ravinutala, S., Rattén, K., Polymero'poulos, C and Jaiuria, Y., 2000, “Dy-
gf the T\e/rn|p§r7ature gftgt;“t'on in an Extruder Chann@PE ANTEC Tech. namic Menisci in a Pressurized Fiber ApplicatoRfoc. 49th Int. Wire Cable
apers Vol. 37, pp. 94-51. Symp, Atlantic City, NJ.

[63] Esseghir, M., and Sernas, V., 1992, “Experiments on a Single Screw Extrud 51 Abrah A d Pol l0s. C. E.. 1999 “D: ic Menisci Mov-
with a Deep and Highly Curved Screw Channekdod Extrusion Science and % ] ingr?:it?g:é ” Pr%':: 482?2/7:1?(\)/6?2 (?éblé S.)’/mpAtlénticyg:ilt?I?\IJ.emSCI on Mov
TechnologyJ. L. Kokini, C. T. Ho, and M. V. Karwe, eds., Marcel Dekker, [96] Vaskopulos, T., Polymeropoulos, C. E., and Zebib, A., 1995, “Cooling of

New York, pp. 21-40. Optical Fibers in Aiding and Opposing Forced Gas Flow,” Int. J. Heat Mass
[64] Sastrohartono, T., Jaluria, Y., Esseghir, M., and Sernas, V., 1995, “A Numeri- Tr%nsf.,lB, pp. 1933_19944_ pposing o

cal and Experimental Study of Three-Dimensional Transport in the Channel o[fgﬂ Hanafusa, H.. Hibino. Y.. and Yamamoto, F.. 1985

3 A “Formation Mechanism
an Extruder for Polymeric Materials,” Int. J. Heat Mass Trar38,pp. 1957—

of Drawing-Induced E’ Centers in Silica Optical Fibers,” J. Appl. Phy8,

1973. ) . ) o No. 3, pp. 1356-1361.

[65] Wang, Y., and White, J. L., 1989, “Non-Newtonian Flow Modeling in the [gg) Hipino, V., Hanafusa, H., and Sakaguchi, S., 1985, “Formation of Drawing-
Screw Region of an Intermeshing Co-rotating Twin Screw Extruder,” J. Non- Induced E’ Centers in Silica Optical Fibers,” Jpn. J. Appl. Phgs, No. 9
Newtonian Fluid Mech.32, pp. 19-38. pp. 1117-1121. ’ b '

[66] Kwon, G. H., Jaluria, Y., Karwe, M. V., and Sastrohartono, T., 1991, “Nu- (9] Flemings, M. C., 1974Solidification ProcessingicGraw-Hill, New York.
menca’[ Simulation O_f the Transport Procgsses in a Twin screw Polymer EE(IOO] Viskanta, R., 1985, “Natural Convection in Melting and SolidificatiofNatu-
truder,” Prog. Modeling Polymer Processing. I. Isayev, ed., Ch. 4, Hanser ral Convection: Fundamentals and Applicatior& Kakac, W. Aung, and R.
Pub., New York, pp. 77-115. ) ) ) Viskanta, eds., Hemisphere Pub. Co., Washington, DC, pp. 845-877.

[67] Sastrohartono, T., Jaluria, Y., and Karwe, M. V., 1994, “Numerical Coupling101] Huppert, H. E., 1990, “The Fluid Mechanics of Solidification,” J. Fluid
of Multiple Region Simulations to Study Transport in a Twin Screw Ex- Mech., 212, pp. 209-240.
truder,” Numer. Heat Transfeg5, pp. 541-557. [102] Davis, S. H., 1990, “Hydrodynamic Interactions in Directional Solidifica-

[68] Chiruvella, R. V., Jaluria, Y., Karwe, M. V., and Sernas, V., 1996, “Transport tion,” J. Fluid Mech.,212, pp. 241-262.

in a Twin-Screw Extruder for the Processing of Polymers,” Polym. Eng. Sci[103] Prescott, P. J., and Incropera, F. P., 1996, “Convection Heat and Mass Trans-

36, pp. 1531-1540. fer in Alloy Solidification,” Adv. Heat Transfer28, pp. 231—338.

[69] Zhu, W., and Jaluria, Y., 2001, “Transport Processes and Feasible Operatjng4) Sparrow, E. M., Patankar, S. V., and Ramadhyani, S., 1977, “Analysis of
Domain in a Twin-Screw Polymer Extruder,” Polym. Eng. Séil, pp. 107— Melting in the Presence of Natural Convection in the Melt Region,” ASME J.
117. Heat Transfer99, pp. 520-526.

[70] Karwe, M. V., and Sernas, V., 1996, “Application of Laser Doppler Anemom{105] Voller, V. R., 1997, “An Overview of Numerical Methods for Solving Phase
etry to Measure Velocity Distribution Inside the Screw Channel of a Twin Change Problems,Advances in Numerical Heat Transféinkowycz, W. J.,
Screw Extruder,” Journal of Food Process Engineerlify,pp. 135-152. and Sparrow, E. M., eds., Vol. 1, Taylor and Francis, Philadelphia, PA, pp.

[71] Bakalis, S., and Karwe, M. V., 1997, “Velocity Field in a Twin Screw Ex- 341-380.
truder” Int. J. Food Sci. Technol32, pp. 241-253. [106] Viswanath, R., and Jaluria, Y., 1995, “Numerical Study of Conjugate Tran-

[72] Jaluria, Y., Liu, Y., and Chiruvella, R. V., 1999, “Modeling and Simulation of sient Solidification in an Enclosed Region,” Numer. Heat Trans®t, pp.
the Solids Conveying and Unfilled Regions in Polymer Extrusion,” J. Reinf. 519-536.

Plast. Compos.18, pp. 15-26. [107] Banaszek, J., Jaluria, Y., Kowalewski, T. A., and Rebow, M., 1999, “Semi-

[73] Yin, Z., and Jaluria, Y., 1997, “Zonal Method to Model Radiative Transport in implicit FEM Analysis of Natural Convection in Freezing Water,” Numer.
an Optical Fiber Drawing Furnace,” ASME J. Heat Transfkt9, pp. 597— Heat Transfer36, pp. 449-472.

603. [108] Bathelt, A. G., Viskanta, R., and Leidenfrost, W., 1979, “An Experimental

Journal of Fluids Engineering JUNE 2001, Vol. 123 / 209



Investigation of Natural Convection in the Melted Region Around a Heatefdl27] Chiu, W. K. S., and Jaluria, Y., 1997, “Heat Transfer in Horizontal and Ver-

Horizontal Cylinder,” J. Fluid Mech.90, pp. 227-240. tical CVD Reactors,”ASME Heat Transfer DiyVol. 347, Amer. Soc. Mech.
[109] Gau, C., and Viskanta, R., 1986, “Melting and Solidification of a Pure Metal Engrs., New York, pp. 293—-311.

on a Vertical Wall,” ASME J. Heat Transfed,08 pp. 174-181. [128] Rosenberger, F., 1980, “Fluid Dynamics in Crystal Growth from Vapors,”
[110] Wolff, F., and Viskanta, R., 1987, “Melting of a Pure Metal from a Vertical PhysicoChem. Hydrodynl, pp. 3—26.

Wall,” Exp. Heat Transfer]l, pp. 17-30. [129] Ostrach, S., 1983, “Fluid Mechanics in Crystal Growth—The 1982 Freeman
[111] Wolff, F., and Viskanta, R., 1988, “Solidification of a Pure Metal at a Vertical Scholar Lecture,” ASME J. Fluids Engl05, pp. 5—20.

Wall in the Presence of Liquid Superheat,” Int. J. Heat Mass TraB&f.pp.  [130] Prasad, V., Zhang, H., and Anselmo, A. P., 1997, “Transport Phenomena in

1735-1744. ) ] Czochralski Crystal Growth Processes,” Adv. Heat Trans§6ypp. 313—435.
[112] Thompson, M. E., and Szekely, J., 1988, “Mathematical and Physical Modgl131] Brown, R. A., 1988, “Theory of Transport Processes in Single Crystal Growth

ing of Double-Diffusive Convection of Aqueous Solutions Crystallizing at a from the Melt,” AIChE J.,43, pp. 881-911.

Vertical Wall,” J. Fluid Mech., 187, pp. 409-433. , [f132] Ostrach, S., 1982, “Low-Gravity Fluid Flows,” Annu. Rev. Fluid Mech4,
[113] Beckermann, C., and Wang, C. Y., 1995, “Multiphase/-Scale Modeling o pp. 313-345.

Alloy Solidification,” Annu. Rev. Heat Transfef, pp. 115-198. l[133] Guyene, T. D., and Hunt, J., eds., 1983, “Materials Sciences Under Micro-
[114] wang, C. Y., and Beckermann, C., 1993, “A Unified Solute Diffusion Mode gravity,” European Space AgendRep. ESA-SP-191.

for Columnar and Equiaxed Dendritic Alloy Solidification,” Mater. Sci. Eng.,[134] Kamotani, Y., Ostrach, S., and Pline, A., 1994, “Analysis of Velocity Data

AlT1, pp. 199-211. . . ’ ) Taken in Surface Tension Driven Convection Experiment in Microgravity,”
[115] Kang, B. H., and Jaluria, Y., 1993, “Thermal Modeling of the Continuous Phys. Fluidsg, pp. 3601—3609

Casting Process,” J. Thermopr?‘)/s. Heat TransTepp. 139-147. [135] Xu, J., and Zebib, A., 1998, “Oscillatory Two- and Three-Dimensional Ther-
[116] Lin, P., and Jaluria, Y., 1997, “Heat Transfer and Solidification of Polyme mocapillary Convection,” J. Fluid Mech364, pp. 187—209

Melt Flow in a Channel,” Polym. Eng. Sci37, pp. 1247-1258. ) [136] Le Cunff, C., and Zebib, A., 1999, “Thermocapillary-Coriolis Instabilities in
[117] Kang, B. H., Jaluria, Y., and Karwe, M. V., 1991, “Numerical Simulation of Liquid Bridges,” J. Phys. Fluids]1, 25399545

Conjugate Transport from a Continuous Moving Plate in Materials Proce: q ges, .. “hys. pp. .

ing,” Numer. Heat Transfer]9, pp. 151176 S['51_37] Schwabe, D., 1999, “Microgravity Experiments on Thermocapillary Flow

[118] Arr{dge, R. G C.. and Prior,' K.,. 1064, “Cboling Time of Silica Fibers,” Phenomena; Egamples and Perspectives,” Journal of Japanese Society of Mi-
Nature (London, 203 pp. 386—387. crogravity Applications16, pp. 1-6.

[119] Tsou, F. K., Sparrow, E. M., and Godstein, R. J., 1967 “Flow and Hedi 38l Balasubramaniam, R., and Lavery, J. E., 1989, “Numerical Simulation of
Transfer in the Boundary Layer on a Continuous Moving Surface,” Int. J. Thermocapillary Bubble Migration Under Microgravity for Large Reynolds
Heat Mass Transf10, pp. 219—-235. and Marangoni Numbers,” Numer. Heat Transf&8, pp. 175-187.

[120] Karwe, M. V., and Jaluria, Y., 1992, “Experimental Investigation of Thermal 139 Mundrane, M., Xu, J., and Zebib, A., 1995, “Thermocapillary Convection in a
Transport from a Heated Moving Plate,” Int. J. Heat Mass Trarg8,,pp. Rectangular Cavity with a Deformable Interface,” Adv. Space ReS. pp.
493-511. 41-53.

[121] Evans, G., and Greif, R., 1987, “A Numerical Model of the Flow and Heaf140] Wang, G. X., and Prasad, V., 2000, “Rapid Solidification: Fundamentals and
Transfer in a Rotating Disk Chemical Vapor Deposition Reactor,” ASME J. Modeling,” Annu. Rev. Heat Transfed,1, pp. 207-297.
Heat Transfer109, pp. 928—935. [141] Bian, X., and Rangel, R. H., 1996, “The Viscous Stagnation-Flow Solidifica-
[122] Fotiadis, D. I., Boekholt, M., Jensen, K. F., and Richter, W., 1990, “Flow and tion Problem,” Int. J. Heat Mass TransB9, pp. 3581-3594.
Heat Transfer in CVD Reactors: Comparison of Raman Temperature Measur&42] Delplanque, J. P., and Rangel, R. H., 1998, A Comparison of Models, Nu-

ments and Finite Element Model Predictions,” J. Cryst. Growt@0, pp. merical Simulation, and Experimental Results in Droplet Deposition Pro-
577-599. cesses,” Acta Mater46, pp. 4925-4933.

[123] Karki, K. C., Sathyamurthy, P. S., and Patankar, S. V., 1993, “Thred143] Bussmann, M., Mostaghimi, J., and Chandra, S., 1999, “On a Three-
Dimensional Mixed Convection in a Chemical Vapor Deposition Reactor,” Dimensional Volume Tracking Method of Droplet Impact,” Phys. Fluitis,
ASME J. Heat Transfer]15 pp. 803—-806. pp. 1406-1417.

[124] Chiu, W. K. S., and Jaluria, Y., 2000, “Continuous Chemical Vapor Deposit144] Pasandideh-Fard, M., Bhola, R., Chandra, S., and Mostaghimi, J., 1998,
tion Processing with a Moving Finite Thickness Susceptor,” J. Mater. Res., “Deposition of Tin Droplets on a Steel Plate: Simulations and Experiments,”
15, pp. 317-328. Int. J. Heat Mass Transf4l, pp. 2929-2945.

[125] Eversteyn, F. C., Severin, P. J. W., Brekel, C. H. J., and Peek, H. L., 1970, “|{445] Delplanque, J. P., Cal, W. D., Rangel, R. H., and Lavernia, E. J., 1997, “Spray
Stagnant Layer Model for the Epitaxial Growth of Silicon from Silane in a Atomization and Deposition of Tantalum Alloys,” Acta Mate45, pp. 5233—

Horizontal Reactor,” J. Electrochem. Sot17, pp. 925—-931. 5243.

[126] Chiu, W. K.-S., Richards, C. J., and Jaluria, Y., 2000, “Flow Structure anfil46] Ahmed, I., and Bergman, T. L., 1999, “Thermal Modeling of Plasma Spray
Heat Transfer in a Horizontal Converging Channel Heated From Below,” Deposition of Nanostructured Ceramics,” Journal of Thermal Spray Technol-
Phys. Fluids12, pp. 2128-2136. ogy, 8, pp. 315-322.

210 / Vol. 123, JUNE 2001 Transactions of the ASME



