
essing
ing in
tradi-
rials,
seen
have

stom-
rials
that
the

imi-
a wide
ystal
pro-
s pro-
volved
rical
n the
ssing
that

mpli-
condi-
pro-
lized
is not
sing.
draw-
n of

sults
in the
ggests
ned

tand-
are
is for
l and
erials
ailed
isms
er to
Yogesh Jaluria
Fellow ASME,

Department of Mechanical
and Aerospace Engineering,

Rutgers, the State University of New Jersey,
New Brunswick, NJ 08903

e-mail: jaluria@jove.rutgers.edu

Fluid Flow Phenomena in
Materials Processing—The 2000
Freeman Scholar Lecture
There has been an explosive growth in the development of new materials and proc
techniques in recent years to meet the challenges posed by new applications aris
electronics, telecommunications, aerospace, transportation, and other new and
tional areas. Semiconductor and optical materials, composites, ceramics, biomate
advanced polymers, and specialized alloys are some of the materials that have
intense interest and research activity over the last two decades. New approaches
been developed to improve product quality, reduce cost, and achieve essentially cu
made material properties. Current trends indicate continued research effort in mate
processing as demand for specialized materials continues to increase. Fluid flow
arises in many materials processing applications is critical in the determination of
quality and characteristics of the final product and in the control, operation, and opt
zation of the system. This review is focused on the fluid flow phenomena underlying
variety of materials processing operations such as optical fiber manufacture, cr
growth for semiconductor fabrication, casting, thin film manufacture, and polymer
cessing. The review outlines the main aspects that must be considered in material
cessing, the basic considerations that are common across fluid flow phenomena in
in different areas, the present state of the art in analytical, experimental and nume
techniques that may be employed to study the flow, and the effect of fluid flow o
process and the product. The main issues that distinguish flow in materials proce
from that in other fields, as well as the similar aspects, are outlined. The complexities
are inherent in materials processing, such as large material property changes, co
cated domains, multiple regions, combined mechanisms, and complex boundary
tions are discussed. The governing equations and boundary conditions for typical
cesses, along with important parameters, common simplifications and specia
methods employed to study these processes are outlined. The field is vast and it
possible to consider all the different techniques employed for materials proces
Among the processes discussed in some detail are polymer extrusion, optical fiber
ing, casting, continuous processing, and chemical vapor deposition for the fabricatio
thin films. Besides indicating the effect of fluid flow on the final product, these re
illustrate the nature of the basic problems, solution strategies, and issues involved
area. The review also discusses present trends in materials processing and su
future research needs. Of particular importance are well-controlled and well-desig
experiments that would provide inputs for model validation and for increased unders
ing of the underlying fluid flow mechanisms. Also, accurate material property data
very much needed to obtain accurate and repeatable results that can form the bas
design and optimization. There is need for the development of innovative numerica
experimental approaches to study the complex flows that commonly arise in mat
processing. Materials processing techniques that are in particular need of further det
work are listed. Finally, it is stessed that it is critical to understand the basic mechan
that determine changes in the material, in addition to the fluid flow aspects, in ord
impact on the overall field of materials processing.@DOI: 10.1115/1.1350563#
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Introduction
One of the most crucial and active areas of research in flu

engineering today is that of materials processing. With grow
international competition, it is imperative that the present proce
ing techniques and systems are optimized and the quality of
final product is improved. In addition, new materials and proce
ing methods are needed to meet the growing demand for sp
material properties in new and emerging applications related
diverse fields such as environment, energy, bioengineering, tr
portation, communications, and computers.

Fluids engineering is extremely important in a wide variety
materials processing systems such as crystal growing, cas

Contributed by the Fluids Engineering Division for publication in the JOURNAL
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisio
Dec. 18, 2000. Associate Editor: Joseph Katz.
Copyright © 2Journal of Fluids Engineering
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chemical vapor deposition, soldering, welding, extrusion of pl
tics, food and other polymeric materials, injection molding, spr
coating, glass fiber drawing, and composite materials fabricat
The flows that arise in the molten material in crystal growing,
instance, strongly affect the quality of the crystal and, thus, of
semiconductors fabricated from the crystal. Therefore, it is imp
tant to understand these flows and obtain methods to minimiz
control their effects. Similarly, the flow of molten metal in weld
ing and soldering is often determined mainly by surface tens
effects. On the other hand, the profile in the neck-down region
glass in an optical fiber drawing process is largely governed
the viscous flow of molten glass and by gravity. The buoyan
driven flows generated in the liquid melt in casting proces
strongly influence the microstructure of the casting and the sh
movement and other characteristics of the solid-liquid interfa

n
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In chemical vapor deposition, the flow is of paramount importan
in determining the deposition rate and uniformity, which in tu
affect the quality of the thin film produced. The flows in furnac
and ovens used for heat treatment and drying strongly influe
the transport rates and the migration of impurities that affect q
ity. The formation of metal droplets and the flow in sprays a
important in rapid fabrication using spray deposition. Therefore
is important to determine the nature, magnitude and behavio
the flows that arise in these processes, their effect on the tran
and the ultimate effect on the product quality and syst
performance.

Because of the importance of fluid flow in materials processi
extensive work is presently being directed at this area. But wh
missing is the link between the diverse processing techniques
the basic mechanisms that govern the flow. Much of the effor
concerned with specific manufacturing systems, problems and
cumstances. It is important to extract the main underlying f
tures, with respect to fluids engineering, from these studies
order to expand the applicability of the techniques developed
the results obtained. It is also important to couple the microsc
mechanisms that determine material characteristics with the
flow that occurs at the macroscale level. Another aspect tha
lacking in the literature is quantitative information on the depe
dence of product quality, process control and optimization on
fluid flow. It is critical to determine how fluid flow affects, fo
instance, the growth of defects in an optical fiber or in a crysta
is necessary to establish the present state of the art in fluid
phenomena in materials processing. It is also important to de
mine the research needs in this area so that future efforts ma
directed at critical issues. The coupling between practical e
neering systems and the basic fluid mechanics is another
important aspect that should be considered, so that the curren
future practice of fluids engineering have a strong impact in
area that is of particular importance today.

This review paper is directed at these important issues, focu
on the fluid flow that is involved with materials processing a
linking it with the characteristics of the product and with the sy
tem for a wide variety of important practical processes. A range
processes are considered in order to determine the basic as
that arise and their effect on the processed material. Interest
mainly in the basic fluid phenomena, rather than in the comple
ties of the different processes. Because of the importance of
field today and in the future, a summary of the state of the ar
this topic will make a very significant and timely contribution
the current and future efforts in materials processing, an a
which encompasses a wide range of real problems of flu
engineering interest.

The three main aspects that are considered in this paper a

1 Basic fluid flow phenomena underlying materials process
including non-Newtonian flows, free surface flows, surface t
sion driven flows, flows with phase change and chemical re
tions, flow in sprays, flows under microgravity conditions, a
other specialized flows that are of particular interest in this fie

2 Influence of fluid flow on the characteristics of the final pro
uct, in terms of consistency, uniformity, defect formation and co
centration, and other relevant measures, as well as the ra
fabrication.

3 Coupling between fluid flow and the operation, design a
optimization of the system, considering a range of practical
important processes for the fabrication of traditional and advan
materials.

Materials Processing
In the last two decades, there has been a tremendous grow

new materials with a wide variety of properties and characte
tics. Such advanced and new materials include composites, ce
ics, different types of polymers and glass, coatings, and m
specialized alloys and semiconductor materials. By an approp
174 Õ Vol. 123, JUNE 2001
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combination and processing of materials, a very wide range
desired material characteristics can be obtained. The choice o
many cases, design of an appropriate material for a given ap
cation has become a very important consideration in the de
and optimization of processes and systems, as discussed by J
@1#. Thus, new techniques have been developed and are
along with the classical techniques of materials processing, s
as heat treatment, forming and casting, to obtain the desired p
erties in the chosen material. Consequently, a consideration o
processing of traditional, as well as advanced and emerging,
terials involves both classical and new procedures, with a str
emphasis on the link between the resulting material properties
the process used.

Fluid flow considerations are important in a wide variety
manufacturing processes. Some of the ways in which the fl
affects the process are

1 Effect on the underlying transport mechanisms
2 Generation and distribution of impurities and defects
3 Mixing of different components in the material
4 Time spent by the material in the system
5 Process instability and feasibility
6 Shape of processed material
7 Properties and characteristics of the final product
8 Rate of fabrication
9 Product quality

A few important processes in which fluid flow plays a ve
important role are summarized in Table 1. Several manufactu
processes, in which the flow is of particular importance, are a
sketched in Fig. 1. These include the optical glass fiber draw
process in which a specially fabricated glass preform is heated
drawn into a fiber, continuous casting which involves solidific
tion of a liquid over an essentially stationary interface, mold ca
ing in an enclosed region with time-dependent liquid-solid int
face location, and screw extrusion in which materials such
plastics are melted and forced through an appropriate die to ob
specific dimensions and shape. Figure 2 shows a few com
materials processing techniques used in the fabrication of e
tronic devices. The processes shown include Czochralski cry
growing in which molten material such as silicon is allowed
solidify across an interface as a seed crystal is withdra
the floating-zone method in which a molten zone is establish
between a polycrystalline charge rod and a crystalline rod, sol
ing to form solder coating or solder joints, and thin film fabric
tion by chemical vapor deposition~CVD!. In all these processes
the quality and characteristics of the final product and the rate
fabrication are strong functions of the underlying fluid flow.

Table 1 Different types of materials processing operations,
along with examples of commonly used processes

1. Processes With Phase Change
casting, continuous casting, crystal growing, drying

2. Heat Treatment
annealing, hardening, tempering, surface treatment, curing, bakin

3. Forming Operations
hot rolling, wire drawing, metal forming, extrusion, forging

4. Cutting
laser and gas cutting, fluid jet cutting, grinding, machining

5. Bonding Processes
soldering, welding, explosive bonding, chemical bonding

6. Polymer Processing
extrusion, injection molding, thermoforming

7. Reactive Processing
chemical vapor deposition, food processing

8. Powder Processing
powder metallurgy, sintering, sputtering

9. Glass Processing
optical fiber drawing, glass blowing, annealing

10. Coating
thermal spray coating, polymer coating

11. Other Processes
composite materials processing, microgravity materials processing
Transactions of the ASME
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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
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Because of the importance of materials processing, consi
able research effort has been directed in recent years at the t
port phenomena in such processes. Many books concerned
the area of manufacturing and materials processing are avail
However, most of these discuss important practical considerat
and manufacturing systems relevant to the various proces
without considering in detail the underlying transport and flu
flow. See, for instance, the books by Doyle et al.@2#, Schey@3#
and Kalpakjian@4#. A few books have been directed at the fund
mental transport mechanisms in materials processing, for insta
the books by Szekely@5# and by Ghosh and Mallik@6#. The
former considers fluid flow in metals processing and presents
the fundamental and applied aspects in this area. Some o
books consider specific manufacturing processes from a fu
mental standpoint, see the books by Avitzur@7#, Altan et al.@8#,
Fenner@9# and Easterling@10#. In addition, there are several re
view articles and symposia volumes on fluid flow and therm
transport in materials processing. Examples of these are the b
l of Fluids Engineering
er-
ans-
with
ble.
ons
ses,
id

a-
nce,

oth
ther
da-

-
al
oks

edited by Hughel and Bolling@11#, Kuhn and Lawley@12#, Chen
et al.@13#, Li @14#, and Poulikakos@15#, and the review article by
Viskanta@16#.

Many important considerations arise when dealing with
mathematical and numerical modeling of the fluid flow and t
associated transport in the processing of materials, as present
Table 2. Many of the relevant processes are time-dependent, s
the material must often undergo a given variation with time of
temperature, pressure, shear and other such variables in ord
attain desired characteristics. Sometimes, a transformation o
variables in the problem can be used to convert a time-depen
problem to a steady one. Most manufacturing processes inv
combined modes of transport. Conjugate conditions usually a
due to the coupling between transport in the solid material a
fluid flow. Thermal radiation is frequently important in these pr
cesses. The material properties are often strongly dependen
temperature, concentration, and pressure, giving rise to str
nonlinearity in the governing equations@17,18#. Also, the material
JUNE 2001, Vol. 123 Õ 175



176 Õ
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
p ess

ld-
ical
and
properties may depend on the shear rate, as is the case for
meric materials which are generally non-Newtonian@9,19#. The
material properties affect the transport processes and are, in
affected by the transport. This aspect often leads to consider
complexity in the mathematical modeling, as well as in the n
Vol. 123, JUNE 2001
oly-

turn,
able
u-

merical simulation. The material undergoing the transport proc
may be moving, as in hot rolling or extrusion@20#, or the energy
or mass source itself may be moving, as in laser cutting or we
ing. Additional mechanisms such as surface tension and chem
reactions are important in many cases. Complex geometry
Transactions of the ASME
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boundary conditions are commonly encountered. Multip
coupled, regions with different material properties arise in ma
cases. Frequently, an inverse problem is to be solved to obtain
conditions that result in a desired flow or temperature variat
with time and space. Finally, the process is linked with the ma
facturing system design, control, and optimization.

All these considerations make the mathematical and nume
modeling of materials processing very involved and challengi
Special procedures and techniques are often needed to satis
rily simulate the relevant boundary conditions and material pr
erty variations. The results obtained are important and interes
since these are generally not available in the existing fluid m
chanics and heat and mass transfer literature. The results from
simulation provide appropriate inputs for the design and opti
zation of the relevant system. Experimental techniques and re
are also closely linked with the mathematical modeling in orde
simplify the experiments and obtain characteristic results in te
of important dimensionless parameters. Also, experimental res
are of critical value in validating mathematical and numeri
models, as well as in providing the physical insight needed
model development.

It must be noted that even though research on the fluid fl
phenomena associated with materials processing can be us
provide important inputs to the area, it is necessary for researc
working in fluids engineering to thoroughly understand the c
cerns, intricacies and basic considerations that characterize m
rials processing in order to make a significant impact on the fi
Otherwise, basic research serves only in a supporting capaci
this important field. The dependence of the characteristics of
final product on the flow must be properly understood and ch
acterized so that analysis or experimentation can be used to d
processes to achieve desired product characteristics and pro
tion rates. This is the only way research on fluid flow can stay
the cutting edge of technology in materials processing and sig
cantly affect the future developments in this field.

This paper is concerned with fluid flow phenomena in mater
processing. The basic flows that commonly arise in this area
first outlined. The main aspects that are common to many of th
processes are outlined next, followed by a discussion of som
the major complexities, and common approaches to obtain
solution, using analytical, numerical and experimental metho
Typical results for several common processing methods for
vanced and new materials, as well as for traditional materials,
then presented. These examples serve to indicate common
tures and considerations in different materials processing t

Table 2 Some of the important considerations in fluid flow
associated with materials processing

1. Coupling of Transport With Material Characteristics
different materials, properties, behavior, material structure

2. Variable Material Properties
strong variation with temperature, pressure and concentration

3. Complex Geometries
complicated domains, multiple regions

4. Complicated Boundary Conditions
conjugate conditions, combined modes

5. Interaction Between Different Mechanisms
surface tension, heat and mass transfer, chemical reactions, pha
change

6. Micro-Macro Coupling
micro-structure changes, mechanisms operating at different lengt
and time scales

7. Complex Flows
non-Newtonian flows, free surface flows, powder and particle
transport

8. Inverse Problems
non-unique multiple solutions, iterative solution

9. Different Energy Sources
laser, chemical, electrical, gas, fluid jet, heat

10. System Optimization and Control
link between flow and system
Journal of Fluids Engineering
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niques. Experimental results are discussed at various stages
means to validate the models, to provide insight into the unde
ing phenomena, and to provide inputs on material characteris
properties and other aspects. Let us first consider the basic fl
followed by a discussion of the conservation principles and
appropriate governing equations for these processes.

Basic Flows
Materials processing involves a very wide range of problems

which fluids engineering is of particular interest. It is very impo
tant that a review of this area cover this diversity and extract
basic fluid flow phenomena that arise and affect the final prod
and the design of the relevant system. This is a fairly involv
task because of different types of processes employed and
intrinsic complexity of each process. However, fluid flow mech
nisms are similar in many cases and the basic techniques
apply in one case may be applied to another.

Some of the basic flows that arise in materials processing, a
with the important considerations that are involved, are lis
below:

1 Buoyancy-Driven Flows. This involves a consideration
of the magnitude and nature of the buoyancy-induced flow, s
as that in the melt regions sketched in Figs. 1~c! and 2~a!. The
dependence of this flow on the parameters of the problem suc
material properties, boundary conditions and geometry mus
determined. The effect of this flow on the rate of phase change
the characteristics of the solid-liquid interface, and on the mig
tion of impurities is important in casting and crystal growing. T
modeling of the mushy~liquid-solid mixture! region is of interest
for alloy and mixture solidification. Similarly, buoyancy effec
arise in other materials processing techniques such as chem
vapor deposition, soldering, welding, and laser melting.

2 Non-Newtonian Flows. These flows, in which the viscos
ity of the fluid is dependent on the flow through the shear rate,
particularly important in the processing of plastics and other po
meric materials in processes such as extrusion, sketched in
1~d!, and injection molding. Non-Newtonian behavior substa
tially complicates the solution for the flow. Additional complex
ties arise due to strong temperature dependence of prope
phase and structural changes, and viscous dissipation effects
to the typically large viscosities of these fluids. An important
ement in these processes is the nature of fluid mixing that ar
due to shear and possible chaotic behavior of the flow.

3 Surface Tension Driven Flows. These flows are relevan
to many materials processing techniques. The flow of mol
metal in welding and soldering is largely driven by surface te
sion, see Fig. 2~d!. Under microgravity conditions, such as tho
in space applications, surface tension effects become particu
important in processes such as crystal growing and solidifica
due to the reduction in the buoyancy force. Marangoni conv
tion, that arises due to the variation of surface tension with te
perature and concentration, is of particular interest in these
cumstances. Materials processing in space is an impor
research area today because of the need to improve the qual
materials such as crystals by reducing the buoyancy-induced
and its effects.

4 Particulate Flows. Many materials processing circum
stances involve particle motion, for instance, spray coating
chemical vapor deposition, sketched in Fig. 2~e!. Also, the char-
acteristics of mixing and of impurity migration involve particl
motion. The particles are driven by the flow and particle trajec
ries are obtained, often by the use of a Lagrangian approach
characterize the process. An example of this consideration is
behavior of impurities in a solidifying material. Similarly, mixin
in food extrusion is a very important consideration in the det
mination of the quality of the extruded product.

e

JUNE 2001, Vol. 123 Õ 177



t
s

e

t

o

o

h

t

s
a

d

s
a
a

o
t

r
i
v

a

r

e

o

u

e

pi-
tur-
red
il-

nu-

de-
tum
writ-

s

eat
y the

the

g,
tive
vis-
ons,
d to
om-
t.

ce,
hip
tokes,

cast-
m.

out

the
ear
w-
t be
5 Flow of Powdery Materials. This is an important aspec
in many materials processing applications, ranging from pow
metallurgy to the processing of food and pharmaceutical ma
als. Powders are conveyed along channels in these processe
compaction arising due to the rise in pressure and heating du
friction. The flow of such materials and the compaction proc
are not very well understood at the present time, though so
recent work has been directed at this problem due to its prac
importance.

6 Flows With Combined Transport Mechanisms. In
many cases, the flow is driven or influenced by combined effe
of heat and mass transfer and this flow, in turn, affects the res
ing transport rates. Reactive polymers involve chemical reacti
which affect the concentration and impart energy changes to
system. Similarly, moisture transport is very important in fo
processing since the moisture concentration substantially aff
the properties of the fluid. Drying processes also involve co
bined transport mechanisms. The quality and productivity of t
films fabricated by chemical vapor deposition are determined
the interaction between the flow and the chemical reactions a
surface and in the gases. Therefore, such multi-species and m
mode transport processes must be studied in order to under
the basic mechanisms involved and to determine the flow
transport in practical circumstances.

7 Fluid Flow in Coating Processes. An important materi-
als processing technique is coating. Optical fibers are coate
polymers to impart strength to the fiber. Surfaces are commo
coated to increase their resistance to corrosive environment
wide variety of materials, ranging from polymers to metals,
used for coating processes. The quality of the coating, particul
trapped bubbles and other imperfections, as well as its thickn
are determined by the flow occurring in the coating die and ap
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,
well as menisci on either side of the coating region. Also imp
tant is spray coating, which involves droplet formation and
flow in sprays leading to deposition or etching.

8 Flows With Coupling of Micro ÕMacro Mechanisms.
The characteristics and quality of the material being processed
often determined by the microscale transport processes occu
in the material, for instance at the solid-liquid interface in cast
or at sites where defects are formed in an optical fiber. Howe
experiments, modeling and analysis usually consider the mac
cale, with practical dimensions, typical physical geometries
appropriate boundaries. It is crucial to link the two approaches
that the appropriate boundary conditions for a desired microst
ture can be imposed in a physically realistic system. A consid
able interest exists today in this aspect of materials process
particularly with respect to the underlying fluid mechanics.

9 Other Flows. Several other flows are of interest and im
portance in materials processing. These include flows with la
property variations. This is a very important consideration sinc
applies to most problems of practical interest, such as those d
ing with plastics, glass and ceramics. The temperature, pres
and concentration ranges are often large enough to affect the
and transport processes very substantially due to strong prop
variations. Interfacial phenomena are important in continu
casting, crystal growing, among others. Similarly, free surfa
flows arise in material emerging from an extrusion process, w
and fiber drawing through a neck-down region, and use of fl
jets for cutting or heating. Another important area is that
radiation-correction coupled flows. Such flows arise, for instan
in furnaces and substantially affect the relevant processing t
niques. Many of these flows are considered in greater detail in
following sections.
178 Õ Vol. 123, JUNE 2001
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The preceding list indicates the wide range of flows that ty
cally arise in materials processing. However, in most manufac
ing processes, a combination of different flows is encounte
making the analysis and simulation very complicated. This is
lustrated by taking various examples of important practical ma
facturing systems later in the review.

Basic Considerations and Governing Equations

General Equations. The governing equations for fluid flow
and the associated heat transfer in materials processing are
rived from the basic conservation principles for mass, momen
and energy. For a pure viscous fluid, these equations may be
ten as

Dr

Dt
1r¹.V̄50 (1)

r
DV̄

Dt
5F̄1¹.t= (2)

r Cp
DT

Dt
5¹.~k¹T!1Q̇1bT

Dp

Dt
1mF (3)

Here,D/Dt is the substantial or particle derivative, given in term
of the local derivatives in the flow field byD/Dt5]/]t1V̄.¹.
The other variables are defined in the Nomenclature.

For a solid, the energy equation is written as

r C
DT

Dt
5

]T

]t
1V̄.¹T5¹.~k¹T!1Q̇ (4)

whereC is the specific heat of the solid material, the specific h
at constant pressure and at constant volume being essentiall
same. For a stationary solid, the convection term drops out and
particle derivative is replaced by the transient term]/]t. In a
deforming solid, as in wire drawing, extrusion or fiber drawin
the material is treated as a fluid, with an appropriate constitu
equation, and the additional terms due to pressure work and
cous heating are generally included. In the preceding equati
the material is taken as isotropic, with the properties assume
be the same in all directions. For certain materials such as c
posites, the nonisotropic behavior must be taken into accoun

The stress tensor in Eq.~2! can be written in terms of the
velocity V̄ if the material characteristics are known. For instan
if m is taken as constant for a Newtonian fluid, the relations
between the shear stresses and the shear rates, given by S
are employed to yield

r
DV̄

Dt
5F̄2¹p1m¹2V̄1

m

3
¹~¹.V̄! (5)

Here, the bulk viscosityK5l1(2/3)m is taken as zero. For an
incompressible fluid,r is constant, which gives¹•V̄50 from Eq.
~1!. Then, the last term in Eq.~5! drops out.

Buoyancy Effects. The body forceF̄ is also important in
many manufacturing processes, such as crystal growing and
ing where it gives rise to the thermal or solutal buoyancy ter
The governing momentum equation is obtained from Eq.~5!,
when thermal buoyancy is included, as

r
DV̄

Dt
52ēgrb~T2Ta!2¹pd1m¹2V̄ (6)

wherepd is the dynamic pressure, obtained after subtracting
the hydrostatic pressurepa . Therefore,pd is the component due
to fluid motion, as discussed by Jaluria@21# and Gebhart et al.
@22#. Boussinesq approximations, that neglect the effect of
density variation in the continuity equation and assume a lin
variation of density with temperature, are employed here. Ho
ever, in many practical cases, these approximations canno
Transactions of the ASME
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used and the solution is more involved. If thex coordinate axis is
taken as vertical, the buoyancy term appears only in thex com-
ponent of the momentum equation. The governing equations
coupled because of the buoyancy term in Eq.~6! and must be
solved simultaneously. This differs from the forced convect
problem with constant fluid properties, for which the flow is i
dependent of the temperature and may be solved independ
before solving the energy equation@23#.

Viscous Dissipation. The viscous dissipation termmF in Eq.
~3! represents the irreversible part of the energy transfer due to
stress. Therefore, viscous dissipation gives rise to a ther
source in the flow and is always positive. For a Cartesian coo
nate system,F is given by the expression

F52F S ]u

]xD 2

1S ]v
]y D 2

1S ]w

]z D 2G1S ]v
]x

1
]u

]yD 2

1S ]w

]y
1

]v
]zD 2

1S ]u

]z
1

]w

]x D 2

2
2

3
~¹.V̄!2 (7)

Similarly, expressions for other coordinate systems may be
tained. This term becomes important for very viscous fluids an
high speeds. The former circumstance is of particular interes
the processing of glass, plastics, food, and other polym
materials.

Processes With Phase Change.Many material processing
techniques involve a phase change. Examples of such proce
are crystal growing, casting, and welding. For such proble
there are two main approaches for numerical simulation. The
one treats the two phases as separate, with their own prope
and characteristics. The interface between the two phases mu
determined so that conservation principles may be applied t
and appropriate discretization of the two regions may be car
out @15,24#. This becomes fairly involved since the interface l
cation and shape must be determined for each time step or i
tion. The governing equations are the same as those given e
for the solid and the liquid.

In the second approach, the conservation of energy is con
ered in terms of the enthalpyH, yielding the governing energy
equation as

r
DH

Dt
5r

]H

]t
1rV̄.¹H5¹.~k¹T! (8)

where each of the phase enthalpiesHi is defined as

Hi5E
0

T

CidT1Hi
0 (9)

Ci being the corresponding specific heat andHi
0 the enthalpy at 0

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

Hs5CsT H15C1T1@~Cs2C1!Tm1Lh# (10)

whereLh is the latent heat of fusion and Tm the melting point. The
continuum enthalpy and thermal conductivity are given, resp
tively, as

H5Hs1 f 1~H12Hs! k5ks1 f 1~k12ks! (11)

where f 1 is the liquid mass fraction, obtained from equilibriu
thermodynamic considerations. The dynamic viscositym is ex-
pressed as the harmonic mean of the phase viscosities, emplo
the limit ms→`, i.e., m5m1 / f 1 . This model smears out the dis
crete phase transition in a pure material. But the numerical m
eling is much simpler since the same equations are employed
the entire computational domain and there is no need to keep t
of the interface between the two phases@25–27#. In addition, im-
pure materials, mixtures and alloys can be treated very easil
this approach. Figure 3 shows examples of the two approa
Journal of Fluids Engineering
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outlined here for numerical modeling, indicating a single dom
for the enthalpy method and the interface between the two reg
for the two-phase approach.

Chemically Reactive Flows. Combined thermal and mas
transport mechanisms are important in many materials proces
circumstances, such as chemical vapor deposition and proce
of food, reactive polymers, and several other materials with m
tiple species. Extrusion is an important manufacturing techni
for thermal processing of food materials, particularly snacks,
reals, pasta, and bread substitutes. Various starches, wheat
flour and other materials, along with a chosen amount of wa
are fed into the hopper and cooked through the input of shear
heat to obtain different extruded products, see Harper@28# and
Kokini et al. @29#. Chemical reactions occur in food materials a
other chemically reactive materials to substantially alter the str

Fig. 3 Numerical grids used for the „a… enthalpy method
„single region … and „b… the two-phase „two region … method
JUNE 2001, Vol. 123 Õ 179
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ture and characteristics of the product. Chemical reactions
conversion are also important in the curing of polymers, for
ample, in surface coating and chemical bonding.

A simple approach to model the chemical conversion proces
reactive materials, such as food, in order to determine the na
and characteristics of the extruded material is outlined here.
governing equation for chemical conversion may be given as@30#

d

dt
@~12X̃#52K~12X̃!m (12)

whereX̃ is the degree of conversion, defined as,

X̃5
Mi2Mt

Mi2M f
(13)

Here Mi is the initial amount of unconverted material, taken
starch here,M f is the final amount of unconverted starch andMt
is the amount of unconverted starch at timet. The order of the
reaction ism andK is the reaction rate.

The order of the reactionm in Eq. ~12! has been shown to b
zero for starches and the rate of the reactionK given as a combi-
nation of thermal and shear driven convection as@30#

K5KT1KS (14)

where

KT5KT0 exp~2ET /RT! KS5KS0 exp~2ES /th! (15)

Here, Et and ES are the corresponding activation energies,KT0
and KS0 are constants,t is the shear stress, andh is a constant
which is obtained experimentally for the material, along w
other constants in the equation. A simple approximation may
applied to model the degree of conversion defined in Eq.~12!, as
given by @31,32#

w
dX̃

dZ
5K (16)

Here, w is the velocity in the down-channel directionZ in an
extruder. Thus, numerical results on conversion are obtained
integrating this equation.

Similarly, chemical kinetics play a critical role in the depositio
of material from the gas phase in chemical vapor deposition
tems @33,34#. The concentrations of the chemical species in
reactor affect the chemical kinetics, which in turn affect the de
sition. In many cases, the process is chemical kinetics limi
implying that the transport processes are quite vigorous and
deposition is restricted largely by the kinetics. The chemical
netics for several materials are available in the literature. For
stance, the chemical kinetics for the deposition of Silicon fro
Silane (SiH4) with Hydrogen as the carrier gas in a CVD react
is given by the expression@35#

K5
K0pSiH4

11K1pH21K2pSiH4
(17)

where the surface reaction rateK is in mole of Si/m2s, K0
5A exp(2E/RT), E being the activation energy, andA, K1 , and
K2 are constants which are obtained experimentally. Thep’s are
the partial pressures of the two species in the reactor.

Material Property Considerations

Variable Properties. The properties of the material underg
ing thermal processing play a very important role in the ma
ematical and numerical modeling of the process, as well as in
interpretation of experimental results. As mentioned earlier,
ranges of the process variables, such as pressure, concent
and temperature, are usually large enough to make it necessa
consider material property variations. The governing equations
Eqs. ~1!–~4!, which are written for variable properties. Usuall
the dependence of the properties on temperatureT is the most
180 Õ Vol. 123, JUNE 2001
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important effect. Numerical curve fitting may be employed to o
tain a given material property as a function ofT, as say,k(T)
5kr@11a(T2Tr)1b(T2Tr)

2#, where Tr is a reference tem-
perature at whichk5kr . Thus, a continuous functionk(T) re-
places the discrete data onk at different temperatures@36#. This
gives rise to nonlinearity since

]

]x Fk~T!
]T

]xG5
]k

]x

]T

]x
1k

]2T

]x2 5
]k

]T S ]T

]x D 2

1k~T!
]2T

]x2

(18)

Similarly, the data for other material properties may be rep
sented by appropriate curve fits. Because of the resulting a
tional nonlinearity, the solution of the equations and the interp
tation of experimental results become more involved than
constant property circumstances. Iterative numerical proced
are often required to deal with such nonlinear problems, as
cussed by Jaluria and Torrance@23#. Due to these complexities
average constant property values at different reference condit
are frequently employed to simplify the solution@37#. Similar
approaches are used to interpret and characterize experim
data. However, such an approach is satisfactory only for sm
ranges of the process variables. Most manufacturing proce
require the solution of the full variable-property problem for a
curate predictions of the resulting transport.

Viscosity Variation. The variation of dynamic viscositym
requires special consideration for materials such as plastics, p
mers, food materials and several oils, that are of interest i
variety of manufacturing processes. Most of these materials
non-Newtonian in behavior, implying that the shear stress is
proportional to the shear rate. The viscositym is a function of the
shear rate and, therefore, of the velocity field. Figure 4 shows
variation of the shear stresstyx with the shear ratedu/dy for a
shear flow such as the flow between two parallel plates with
plate moving at a given speed and the other held stationary.
viscosity is independent of the shear rate for Newtonian fluids
air and water, but increases or decreases with the shear rat
shear thickening or thinning fluids, respectively. These are
coinelastic ~purely viscous! fluids, which may be time-
independent or time-dependent, the shear rate being a functio
both the magnitude and the duration of shear in the latter c
Viscoelastic fluids show partial elastic recovery on the remova
a deforming shear stress. Food materials are often viscoelast
nature.

Various models are employed to represent the viscous or rh
logical behavior of fluids of practical interest. Frequently, the flu
is treated as a Generalized Newtonian Fluid~GNF! with the non-
Newtonian viscosity function given in terms of the shear ra
which is related to the second invariant of the rate of strain ten
For instance, time-independent viscoinelastic fluids withou
yield stress are often represented by the power-law model, g
by @38#

tyx5KcUdu

dyU
n21 du

dy
(19)

Fig. 4 Plots of shear stress versus shear rate for viscoinelas-
tic non-Newtonian fluids. „a… Time-independent, and „b… time-
dependent fluids.
Transactions of the ASME
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where Kc is the consistency index and n the power law flu
index. Note thatn51 represents a Newtonian fluid. Forn,1, the
behavior is pseudoplastic~shear thinning! and forn.1, it is dila-
tant ~shear thickening!. The viscosity variation may be written a
@38#

m5m0S ġ

ġ0
D n21

e2b~T2T0! (20)

where

ġ5F S ]u

]yD 2

1S ]w

]y D 2G1/2

, with tyx5m
]u

]y
, tyz5m

]w

]y
(21)

for a two-dimensional flow, withu and w varying only with y.
Similarly, expressions for other two- and three-dimensional flo
may be written. Hereġ is the shear strain rate, the subscript
denotes reference conditions andb is the temperature coefficien
of viscosity. Other expressions for the viscosity may be used
consider other reactive and non-reactive polymeric materials.

For food materials, the viscosity is also a strong function of
moisture concentrationcm and is often represented as

m5m0S ẋ

ġ0
D n21

e2b~T2T0!e2bm~cm2cm0! (22)

The temperature dependence is also often represented more
rately by an Arrhenius type of variation, i.e.,

m5m0S ġ

ġ0
D n21

eB/T (23)

In addition, chemical changes, that typically occur at the micr
cale level in the material, affect the viscosity and other propert
Other models, besides the power-law model, are also employe
represent different materials@19,38–40#.

The non-Newtonian behavior of the material complicates
viscous terms in the momentum and the energy equations.
instance, the viscous dissipation termFv for the two-dimensional
flow considered earlier for Eq.~21! is

Fv5tyx

]u

]y
1tyz

]w

]y
(24)

where the variation ofm with ġ and, therefore, with the velocity
field is taken into account. Similarly, the viscous force term in
momentum equation yields](tyx)/]y in thex-direction, requiring
the inclusion of the non-Newtonian behavior of the fluid@40#.
Similarly, other flow circumstances may be considered for
flow of non-Newtonian fluids. Viscous dissipation effects are g
erally not negligible in these flows because of the large visco
of the fluid.

Fig. 5 Grid for the numerical modeling of the two regions,
consisting of glass and inert gases, in optical fiber drawing
Journal of Fluids Engineering
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Glass is another very important, though complicated, mate
It is a supercooled liquid at room temperature. The viscosity v
ies almost exponentially with temperature. In optical fiber dra
ing, for instance, the viscosity changes through several order
magnitude in a relatively short distance. This makes it neces
to employ very fine grids and specialized numerical techniqu
Figure 5 shows the grid in glass, as well as in the inert ga
flowing outside the fiber in a fiber-drawing furnace. Even
change of a few degrees in temperature in the vicinity of
softening point, which is around 1600°C for fused silica, c
cause substantial changes in viscosity and thus in the flow fi
and the neck-down profile in optical fiber drawing. This can le
to a significant effect on defect generation in the fiber and thus
fiber quality @17,18,41#.

Other Aspects. There are several other important conside
ations related to material properties. Constraints on the temp
ture level in the material, as well as on the spatial and temp
gradients, arise due to the characteristics of the material. In t
moforming, for instance, the material has to be raised to a gi
temperature level, above a minimum valueTmin , for material flow
to occur in order for the process to be carried out. However,
maximum temperatureTmax must not be exceeded to avoid dam
age to the material. In polymeric materials,Tmax2Tmin is rela-
tively small and the thermal conductivityk is also small, making it
difficult to design a process which restricts the temperature
Tmax while raising the entire material to aboveTmin for material
flow to occur. An example of this process is the manufacturing
plastic-insulated wires, as considered by Jaluria@42#. Similarly,
constraints on]T/]t, ]T/]x, etc., arise due to thermal stresses
the material undergoing thermal processing. Such constraints
particularly critical for brittle materials such as glass and cera
ics. The design of the manufacturing system is then governed
the material constraints.

In several circumstances, the material properties are not
same in all the directions because of the nature of the materia
because of the configuration. For anisotropic materials, such
wood, asbestos, composite materials, cork, etc., the conduc
flux vector q̄ may be written asq̄52k=¹T, wherek= is the con-
ductivity tensor, with nine componentski j , obtained by varyingi
and j from 1 to 3 to represent the three directions. For orthotro
materials, the coordinate axes coincide with the principal axe
the conductivity tensor and the energy equation for a station
material, in the Cartesian coordinate system, is

r C
]T

]t
5

]

]x S kx

]T

]x D1
]

]y S ky

]T

]y D1
]

]z S kz

]T

]z D1Q̇ (25)

Similarly, the equations for other coordinate systems may be w
ten. In the annealing of coiled steel sheets, the thermal condu
ity kr in the radial direction is often much smaller thankz in the
axial direction, due to gaps within the coils and the govern
conduction equation may be written taking this effect into acco
@43#. This affects the underlying fluid flow and the overa
transport.

The preceding discussion brings out the importance of mate
properties in a satisfactory mathematical and numerical mode
of thermal manufacturing processes, as well as for accurate in
pretation of experimental results. The properties of the mate
undergoing thermal processing must be known and appropria
modeled to accurately predict the resulting flow and transport
well as the characteristics of the final product. However, this is
area in which there is acute lack of data and critical work
needed in the future.

Boundary Conditions and Simplifications
Many of the boundary and initial conditions are the usual n

slip conditions for velocity and the appropriate thermal or ma
JUNE 2001, Vol. 123 Õ 181
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transfer conditions at the boundaries. However, a few special
siderations arise for the various processes considered ea
Some of these are discussed here.

Free Surfaces and Openings. At a free surface, the shea
stress is often specified as zero, yielding a Neumann conditio
the form]V̄/]n50, wheren is normal to the surface, if negligible
shear is applied on the surface. If the shear stress exerted b
ambient fluid is significant, it replaces the zero in this equati
Basically, a balance of all the forces acting at the surface is u
to obtain the interface. As considered in detail by Roy Choudh
et al. @41# and as presented later, the free surface may be de
mined numerically by iterating from an initial profile and usin
the imbalance of the forces for correcting the profile at interm
diate steps, finally yielding a converged profile such as the
shown in Fig. 5.

In a stationary ambient medium, far from the solid boundar
the velocity and temperature may be given asV̄→0, T→Ta as
n→`. However, frequently the condition]V̄/]n→0 is used, in-
stead, in order to allow for entrainment into the flow. The use
this gradient, or Neumann, condition generally allows the use
much smaller computational domain, than that needed for a g
value, or Dirichlet condition, imposed on the velocityV̄ @20#. The
gradient conditions allow the flow to adjust to ambient conditio
more easily, without forcing it to take on the imposed values a
chosen boundary. This consideration is very important for sim
lating openings in enclosures, where gradient conditions at
opening allow the flow to adjust gradually to the conditions o
side the enclosure. Such conditions are commonly encountere
furnaces and ovens with openings to allow material and gas fl

Phase Change. If a change of phase occurs at the bounda
the energy absorbed or released due to the change of phase
be taken into account. Thus, the boundary conditions at the m
ing interface between the two phases~Fig. 1~c!! must be given if
a two-zone model is being used. This is not needed in the enth
model given by Eqs.~8!–~11!. For one-dimensional solidification
this boundary condition is given by the equation

ks

]Ts

]y
2k1

]T1

]y
5rLh

dd

dt
(26)

wherey5d is the location of the interface. This implies that th
energy released due to solidification is conveyed by conductio
the two regions. Similarly, for two-dimensional solidification, th
boundary condition is written as@24#

S ks

]Ts

]y
2k1

]T1

]y D F11S ]d

]xD 2G5rLh

dd

dt
(27)

For a stationary interface, as shown in Fig. 1~b!, the boundary
condition is@44,45#

S 2k
]T

]nD
1

1rULh

dy

ds
5S 2k

]T

]nD
s

(28)

where ds is a differential distance along the interface andn is
distance normal to it. Also, the temperature at the interface in
these cases isTm .

Surface Tension Effects. Surface tension effects are impo
tant in many materials processing flows where a free surf
arises. Examples include flows in welding, Czochralski and
floating-zone crystal growing methods, wave soldering, and c
tinuous casting. Surface tension affects the force balance on a
surface and can affect, for instance, the equilibrium shape
solder joint, such as the one shown in Fig. 2~d! @46#. Similarly, the
profile of material emerging from a die or a roller can be affec
by the surface tension, the relative significance of this effect be
determined by other forces acting on the surface.

Surface tension can also have a significant effect on the fl
near the free surface, which represents the interface betwe
182 Õ Vol. 123, JUNE 2001
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liquid and a gas in many cases, and on the shape, stability
other characteristics of the interface. Large surface tension gr
ents can arise along the interface due to temperatureT and con-
centrationcm gradients and the variation of surface tensions with
these variables. Such surface tension gradients can generat
nificant shear stresses and resulting flow along the interface.
flow, known as thermocapillary or Marangoni convection, is im
portant in many material processing flows@47#. There has been
growing interest in Marangoni convection in recent years beca
of materials processing under microgravity conditions in sp
where other more dominant effects, such as buoyancy, are co
erably reduced, making thermocapillary convection particula
significant.

Consider a rectangular container with its left wall at tempe
tureTL and the right wall at a lower temperatureTR . The bottom
is insulated, as shown in Fig. 6. Then the boundary condition
the free surface is

2m
]u

]y
5

]s

]T

]T

]x
1

]s

]cm

]cm

]x
(29)

whereu is the velocity component along the coordinate axisx. For
most pure materials,s decreases withT, i.e.,]s/]T,0, and since
]T/]x,0 in this case, the fluid is pulled from the left to the rig
at the surface, resulting in a clockwise circulation, as shown. T
flow pattern in a melt of NaNO3 is also shown, indicating the
dominance of thermocapillary convection and the vertical fl
near the vertical wall due to thermal buoyancy. Similarly, boun
ary conditions may be written for other geometries.

Conjugate and Initial Conditions. Several other boundary
conditions that typically arise in materials processing may
mentioned here. The normal gradients at an axis or plane of s
metry are zero, simplifying the problem by reducing the flo
domain. The temperature and heat flux continuity must be m
tained in going from one homogeneous region to another, suc
the regions shown in Figs. 3 and 5. This results in the ther
conductivity at the interface being approximated numerically
the harmonic mean of the conductivities in the two adjacent
gions for one-dimensional transport@23#. The conjugate condi-
tions that arise at a solid surface in heat exchange with an adja
fluid are

Fig. 6 Thermocapillary convection in a rectangular container:
„a… schematic sketch and „b… flow in a NaNO 3 melt †47‡
Transactions of the ASME
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Ts5Tf ; S 2k
]T

]nD
s

5S 2k
]T

]nD
f

(30)

where the subscriptss and f refer to the solid and the fluid
respectively.

The initial conditions are generally taken as the no-flow c
cumstance at the ambient temperature, representing the situ
before the onset of the process. However, if a given process
cedes another, the conditions obtained at the end of the first
cess are employed as the initial conditions for the next one.
periodic processes, the initial conditions are arbitrary.

Moving Material or Source. In the case of material flow in a
moving cylindrical rod for extrusion or hot rolling, as sketched
Fig. 7, the temperatureT is a function of time and location if a
Lagrangian approach is used to follow a material element. H
ever, by placing the coordinate system outside the moving m
rial, a steady problem is obtained if the edge of the rod is far fr
the inlet,x50, i.e., for large time, and if the boundary condition
are steady. Transient problems arise for small lengths of the
short times following onset of the process, and for boundary c
ditions varying with time@48,49#. For many practical cases, th
temperatureT may be taken as a function of time and only t
downstream distancex, assuming it to be uniform at each cros
section. Such an assumption can be made if the Biot numberR
based on the radiusR of the rod is small, i.e., BiR5hR/k!1.0, h
being the convective heat transfer coefficient. Thus, for a thin
of high thermal conductivity material, such an assumption wo
be valid. The governing energy equation is

r CS ]T

]t
1U

]T

]x D5k
]2T

]x22
hP

A
~T2Ta! (31)

whereP is the perimeter of the rod,A its area of cross-section an
Ta the ambient temperature.

For a long, continuous, moving rod or plate, the problem m
be considered as steady for many problems of practical inte
Then, the three-dimensional temperature distributionT(x,y,z) in
a moving plate is governed by the convection-conduction equa

r CU
]T

]x
5kS ]2T

]x2 1
]2T

]y2 1
]2T

]z2 D (32)

The boundary conditions inx may be taken asT(0,y,z)5T0 and
T(`,y,z)5Ta . For lumping in they andz directions, an ordinary
differential equation~ODE! is obtained from Eq.~31! by dropping
the transient term. Similar considerations apply for the flow
such forming processes.

Fig. 7 „a… Sketch of the extrusion process for a heated mate-
rial, „b… moving material at different time intervals
Journal of Fluids Engineering
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Similarly, coordinate transformations can be employed to c
vert transient problems to steady state ones in other circ
stances. For instance, a moving thermal source at the surface
extensive material gives rise to a transient circumstance if
coordinate system is fixed to the material. However, a steady s
situation is obtained by fixing the origin of the coordinate syst
at the source. Ifx is measured in the direction of the source mov
ment from a coordinate system fixed on the material surface
U is the location of the point source, the transformation used
j5x2Ut, which yields the governing equation

]2T

]j2 1
]2T

]y2 1
]2T

]z2 52
U

a

]T

]j
(33)

This transformation applies to processes such as welding and
cutting. This equation is solved and the transformation is use
yield the time-dependent results.

In some manufacturing systems, the transient response of a
ticular component is much slower than the response of the oth
The thermal behavior of this component may then be treated
quasi-steady, i.e., as a sequence of steady state circumstance
instance, in a heat treatment furnace, the walls and the insula
are often relatively slow in their response to the transport p
cesses, as compared to the flow. Consequently, these may b
sumed to be at steady state at a given time, with different stea
states arising at different time intervals whose length is chosen
the basis of the transient response@43#.

Very Viscous Flow. This circumstance usually gives rise t
very small Reynolds numbers, for which the creeping flow a
proximation is often employed. For instance, the Reynolds nu
ber Re is generally much smaller than 1.0 for plastic and fo
flow in a single screw extruder and the inertia terms are usu
dropped. Assuming the flow to be developed in the down-chan
z, direction and lumping across the flights, i.e., velocity varyi
only with distancey from the screw root towards the barrel, se
Fig. 8, the governing momentum equations become@40#

]p

]x
5

]tyx

]y
,

]p

]y
50,

]p

]z
5

]tyz

]y
(34)

Fig. 8 Screw channel and simplified computational domain for
a single-screw extruder
JUNE 2001, Vol. 123 Õ 183
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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 S and an imposed pressure gradient. „a… Newtonian fluid; „b… non-
Newtonian fluid with n Ä0.5 at different q v.
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where the pressure terms balance the viscous forces. The co
nate system is generally fixed to the rotating screw and the c
nel straightened out mathematically, ignoring the effects of cur
ture. Then the complicated flow in the extruder is replaced b
pressure and shear driven channel flow, with shear arising du
the barrel moving at the pitch angle over a stationary screw
shown in Fig. 8. This is similar to the shear and pressure dri
channel flow available in the literature. Therefore, this approxim
tion substantially simplifies the mathematical/numerical mode

Other Simplifications. The basic nature of the underlyin
physical processes and the simplifications that may be obta
under various circumstances can be best understood in term
dimensionless variables that arise when the governing equa
and the boundary conditions are nondimensionalized. The c
monly encountered governing dimensionless parameters are
Strouhal number Sr, the Reynolds number Re, the Grashof n
ber Gr, the Prandtl number Pr and the Eckert number Ec. Th
are defined as

Sr5
L

Vctc
, Re5

VcL

n
, Gr5

g b~Ts2Ta!L3

n2 , Pr5
n

a
,

Ec5
Vc

2

Cp~Ts2Ta!
(35)

whereVc is a characteristic speed,L a characteristic dimension
and tc a characteristic time. It is often convenient to apply diffe
ent nondimensionalization to the solid and fluid regions.

The dimensionless equations may be used to determine
various regimes over which certain simplifications can be ma
For instance, at small values of the Reynolds number Re,
convection terms are small, compared to the diffusion terms,
may be neglected. This approximation is applied to the flow
highly viscous fluids such as plastics and food materials, as m
tioned earlier. At large Re, boundary layer approximations can
made to simplify the problem. At very small Prandtl number
the thermal diffusion terms are relatively large and yield t
conduction-dominated circumstance, which is often applied to
flow of liquid metals in casting, soldering and welding. A sm
value of Gr/Re2 implies negligible buoyancy effects, for instanc
in continuous casting where the effect of buoyancy on the tra
port in the melt region may be neglected. A small value of
Eckert number Ec similarly implies negligible pressure work
fects and a small value of Ec/Re can be used to neglect vis
dissipation. Finally, a small value of the Strouhal number Sr
dicates a very slow transient, which can be treated as a qu
steady circumstance. Therefore, the expected range of the go
ing parameters such as Re, Gr, Pr, Sr, and Ec can be employ
determine the relative importance of various physical mechani
underlying the transport process. This information can then
used to simplify the relevant governing equations and the co
3, JUNE 2001
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sponding modeling. Similarly, Marangoni number M
5(]s/]T)LDT/ma, where DT is the total temperature differ
ence, arises in thermocapillary flow, and Weber number
5rVc

2L/s arises in flows with surface tension effects such as
one shown in Fig. 2~d!.

Several other such simplifications and approximations are c
monly made to reduce the computational effort in the numer
simulation of thermal manufacturing processes. For instan
dy/ds may be taken as unity in Eq.~28! for many continuous
casting processes that use an insulated mold, which gives rise
fairly planar interface. Also, for slow withdrawal rates, the he
transfer due to convection is small compared to that due to c
duction within the moving material and may be neglected. If t
extent of the material undergoing, say, thermal processing at
surface, is large, it may often be assumed to be semi-infin
simplifying both the analysis and the numerical simulation@1#.
Similarly, the boundaries are often approximated as planar to s
plify the imposition of the boundary conditions there. Clearly, t
preceding discussion is not exhaustive and presents only a
common approximations and simplifications.

Solution Techniques

Analytical. It is obvious from the complexity of the govern
ing equations, boundary conditions, and the underlying mec
nisms that analytical methods can be used to obtain the solutio
very few practical circumstances. However, though numerical
proaches are extensively used to obtain the flow and assoc
transport in most materials processing systems, analytical s
tions are very valuable since they provide

1 Results that can be used for validating numerical models
2 Physical insight into the basic mechanisms and expec

trends
3 Limiting or asymptotic conditions
4 Quantitative results for certain simple components

The validation of the numerical models, expected physical ch
acteristics of the process, and limitations on important variab
are all very important in the development of a numerical or e
perimental approach to study the process. Also, certain com
nents or processes can be simplified and idealized to allow
lytical solutions to be obtained.

A few examples of analytical solutions may be mentioned he
The complex flow in a screw extruder, such as the one show
Fig. 1~d!, was simplified to shear and pressure driven flow in
channel, as seen in Fig. 8~c!. The simplest case is that of fully
developed flow for which the velocity field is assumed to rem
unchanged downstream. Analytical solutions can be obtained
such channel flows driven by pressure and shear, as shown in
9~a! for Newtonian fluids. When the pressure gradient is zero,
flow is only due to the viscous effect of the wall moving at v
Transactions of the ASME
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locity Us and is termed drag flow. For Newtonian flow, the v
locity profile is linear and the dimensionless flow rate, or throug
put, qv , which is the flow rate divided by the product of wa
speed and cross-sectional area, is simply 0.5. For a favorable
sure gradient, the throughput exceeds 0.5 and for an adverse
sure gradient it is less. Similar trends are expected for n
Newtonian fluids though the profiles and theqv value for drag
flow would be different. Numerical results have confirmed th
behavior and have used the analytical results to validate the m
as well as to characterize different flow regimes, as shown in
9~b!.

Another analytical solution that has been used to model
extrusion process is that of flow in a die. The relationship betw
the pressure dropDp across a cylindrical region of lengthL and
radiusR, with mass flow rateṁ for a non-Newtonian fluid, was
obtained by Kwon et al.@50# by assuming developed flow. Th
expression given is

Dp5
2L

R
Ĉ~T!F3n11

4n

4ṁ

rpR3Gn

(36)

whereĈ(T) is a temperature dependent coefficient in the visco
expression, which is given asm5Ĉ(T)(ġ)12n, ġ being the shear
rate, defined earlier. This expression would apply for the flat p
tions of a typical die, such as the one shown in Fig. 10. But
flow is not developed, as seen from the calculated streaml
shown in Fig. 10. However, the expression can be used with
significant error for long cylindrical regions, such as the porti
on the left of the die shown here@51#. Similarly, expressions for a
conical die and for an orifice were given by Kwon et al.@50#.

Numerical
The governing equations given earlier are the ones usually

countered in fluid flow and heat and mass transfer. Though a
tional complexities due to the geometry, boundary conditions,
terial property variations, combined mechanisms, etc., arise
materials processing, as mentioned earlier, the numerical solu
of the governing equations is based on the extensive literatur
computational fluid dynamics. Among the most commonly e
ployed techniques for solving these equations is the SIMPL
algorithm, given by Patankar@52#, and the several variations o
this approach. This method employs the finite volume formulat
with a staggered grid, so that the value of each scalar quan
such as pressure, concentration and temperature, is asso

Fig. 10 Geometry of a practical extrusion die, with R as the
inlet radius, along with the calculated streamlines for a non-
Newtonian material for typical operating conditions
Journal of Fluids Engineering
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with the grid node and the vector quantities like velocity are d
placed in space relative to the scalar quantities and generally
cated on the faces of the control volume. This grid system ha
advantage in solving the velocity field since the pressure gradi
that drive the flow are easy to evaluate and the velocity com
nents are conveniently located for the calculation of the conv
tive fluxes. A pressure correction equation is used during the
eration or time marching to converge to the solution. Also,
pressure at any arbitrary point is chosen at a reference value
separate boundary conditions are not needed for pressure.

For two-dimensional and axisymmetric problems, the gove
ing equations are often cast in terms of the vorticity and strea
function by eliminating the pressure from the two components
the momentum equation and by defining a streamfunction to t
care of the continuity equation@23#. This reduces the number o
equations by one and pressure is eliminated as a variable, th
it can be calculated after the solution is obtained. The solut
yields the streamfunction, which is used for obtaining the veloc
field and plotting streamlines, the temperature, which is used
plotting the isotherms and calculating heat transfer rates, and
vorticity. Because the streamfunction is specified on the bou
aries, convergence of the streamfunction equation is usually q
fast. Thus, this approach is generally advantageous, as comp
to the methods based on the primitive variables of velocity, pr
sure and temperature, for two-dimensional and axisymme
flows. The latter approach is more appropriate for thre
dimensional circumstances.

Both transient and steady state solutions are of interest, dep
ing on the process under consideration. In the former case,
marching is used with convergence at each time step to obtain
time-dependent variation of the flow, temperature field, heat
mass transfer rates, chemical conversion, etc. For steady prob
also, time marching may be used to obtain the desired resul
large time. However, the problem can also be solved by itera
or by using false transients with large time steps@53#. Though
central differences are desirable for all the approximations,
merical instability with the convection terms is often avoided
the use of upwind, exponential or power-law differencin
schemes@52#. Because of the inaccuracy due to false diffusio
second-order upwind differencing and third-order QUIC
schemes have become quite popular for discretizing the con
tion terms@54#. Under-relaxation is generally needed for conve
gence due to the strong nonlinearities that arise in these equa
mainly due to property variations. Several methods are availa
to solve the vorticity transport and energy equations. The Alt
nating Direction Implicit~ADI ! method of Peaceman and Rac
ford @55#, as well as modifications of this time-splitting metho
are particularly efficient for two-dimensional problems. Similar
cyclic reduction, successive over relaxation and other stand
methods may be used for the streamfunction or the pressure e
tion. Solution-adaptive methods have been developed in re
years to address many of the complexities that arise in heat tr
fer and fluid flow problems, as reviewed by Acharya@56#.

As mentioned earlier, major difficulties arise in material pr
cessing simulations due to the complexity of the computatio
domain as well as that of the boundary conditions. Finite elem
and boundary element methods have been used advantageou
simulate a wide variety of material processing systems. Severa
these cases are outlined later in the paper. Finite difference
finite volume methods have also been used with coordinate tr
formations employed to convert the complex domains into mu
simpler forms so that the discretization is simplified and accur
results are obtained. A few cases based on such transforma
are also presented later.

Experimental
Experimental work is extremely important in a study of flu

phenomena in materials processing. The main contributions
experimental investigations are
JUNE 2001, Vol. 123 Õ 185
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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 f obtained from experimental and numerical results
†57‡.
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1 Enhancing the basic understanding of the flow and associ
transport

2 Providing insight that can be used in the development
mathematical and numerical models, particularly for det
mining important aspects and variables

3 Providing results that can be used for validation of the m
els

4 Yielding quantitative results that can be used to characte
processes and components in the absence of accurate
dependable models

Though validation of models is often considered as the main
son for experimentation, there are many complex flows wh
experimental results guide the development of the model and
generate quantitative data that can be used as empirical inpu
accurate modeling is not available. Flow visualization is parti
larly important in studying the nature of the flow. However, ma
practical materials are opaque and must be substituted by sim
transparent materials for optical methods to visualize the fl
The same considerations apply for optical measurement t
niques like laser Doppler anemometry and particle ima
velocimetry.

As an example, let us consider the fluid flow in the regi
between two rotating screws in mixers and extruders. This fl
as well as the nature of the resulting mixing process, are not v
well understood. Sastrohartono et al.@57# carried out an experi-
mental study of the flow in this region. Two rotating plexigla
cylinders were driven by a variable speed motor and the flow
the region between the two cylinders was observed. Corn sy
and carboxy-methyl-cellulose~CMC! solutions were used as th
fluids, the former being Newtonian and the latter non-Newtoni
Air bubbles and dyes were used for visualization.

Figure 11 shows the experimentally obtained streamlines in
region between the two cylinders, along with the predictions fr
a numerical model. Clearly, good agreement is seen between
two. It is also seen that some of the fluid flowing adjacent the
cylinder continues to flow adjacent to it while the remaining go
to the other cylinder. This process is similar to the movemen
fluid from one screw channel to the other in a tangential tw
screw extruder. A flow division ratio xf may be defined as the
fraction of the mass flow that crosses over from one channel to
other. A dividing streamline that separates the two fluid strea
was determined from the path lines and used to determine the
division ratio. A comparison between experimental and numer
results is shown, indicating good agreement at small Reyn
numbers. A deviation between numerical and experimental res
was observed for Reynolds numbers greater than around
, JUNE 2001
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mainly because of negligible inertia terms assumed in the m
ematical model. These experiments indicate the basic feature
the mixing process in the intermeshing region, even though o
cylinders are considered. The flow division ratio may be taken
a measure of mixing.

Results for a Few Important Processes
The preceding sections have presented the basic considera

that arise in a study of fluid flow phenomena in materials proce
ing. The important basic flows, governing equations and bound
conditions were outlined. The analytical, numerical and exp
mental approaches to investigate various types of flows were
cussed. Several important processes were mentioned and b
discussed. The common aspects that link different processes
seen in terms of the underlying mechanisms and governing e
tions and parameters. However, major differences exist betw
various materials processing techniques and demand specia
treatment. The desired results from numerical or experimenta
vestigations are also usually quite different. It is not possible
discuss all the major aspects that characterize different proce
and the available results in these areas. However, a few impo
processes are considered in greater detail in the following to il
trate the approaches used to obtain the desired solution as we
the characteristic results.

Polymer Extrusion. An important manufacturing proces
which has been mentioned in the preceding sections is pla
screw extrusion, sketched in Figs. 1~d! and 8. The viscosity ex-
pression and the governing equations for a relatively simple t
dimensional model were given earlier. This is a fairly complicat
problem because of the strong shear rate and temperature d
dence of the viscosity, complex geometry, large viscous diss
tion, and the resulting coupling between the energy and mom
tum equations. Interest lies in control and prediction of the flow
order to improve mixing and modify physical and chemic
changes undergone by the material.

Figure 12 shows typical computed velocity and temperat
fields in an extruder channel. Large temperature differences
seen to arise across the channel height because of the rela
small thermal conductivity of plastics. The flow is well-layere
with little bulk mixing, due to the high viscosity of these fluid
the typical viscosity being more than a million times that of wa
at room temperature. Many approaches such as reverse scre
ements and sudden changes in the screw have been used to d
the well-layered flow and promote mixing. Viscous dissipati
causes the temperature to rise beyond the imposed barrel tem
Transactions of the ASME
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Fig. 12 Calculated velocity and temperature fields in the channel of a single screw extruder
at nÄ0.5 and dimensionless throughput q vÄ0.3, for typical operating conditions
f

e
n

m
i
n
t

r

t
i
e

r

o

n

ost
ded
The
-

me

d

s
cted
to
ly
u-
ave
pri-

e
ma-
re-
-
ow
wn-
xing
eld,

llow
ture. A lot of work has been done on this problem because o
importance to industry, as reviewed by Tadmor and Gogos@38#
and Jaluria@19#.

An important consideration in the extrusion process is the r
dence time distribution~RTD!. The residence time is the amou
of time spent by a fluid particle in the extruder from the hopper
the die. If the material spends an excessive amount of time, it
be over-processed, over-cooked, if it is food, or degraded. S
larly, too small a time may lead to under-processing. The fi
product is, therefore, strongly dependent on the residence
distribution since structural changes due to thermal processing
chemical reactions are usually time-dependent. The residence
distribution is largely a function of the flow field. It is experimen
tally obtained by releasing a fixed amount of color dye or trace
the material at the hopper and measuring the flow rate of the
material as it emerges from the extruder at the other end. The
it takes for the dye to first appear is the minimum residence t
and relates to the fastest moving fluid. Similarly, an average r
dence time may be defined.

The experimental determination of residence time may be
merically simulated by considering the flow of a slab of a dye
it moves from the hopper to the die, as sketched in Fig. 13~a!. If
the velocity field is known from the solution of the governin
equations, a fluid particle may be numerically traced by integ
ing the velocity over time. The axial component of the velocity
used to trace the particles. As expected, the particles near
barrel and the screw take a very long time to come out, as c
pared to the particles near the middle portion of the screw ch
nel. This yields the amount of color dye emerging from the e
truder as a function of time and may be used to obtain
minimum, average and the spatial distribution of the reside
time. Figure 13~b! shows these results in terms of the dye flo
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rate, normalized by the total flow rate. Clearly, in this case, m
of the dye emerges over a short time interval, with the exten
regions representing fluid near the barrel and the screw root.
calculated cumulative functionF(t), which indicates the cumula
tive fraction of the total amount of dye emerging up to timet, is
defined as

F~ t !5E
0

t

f ~ t !dt (37)

where f (t)dt is the amount of material that has a residence ti
betweent and t1dt. The average residence timet̄ is given by
Ve /Qe , whereVe is the total internal volume of the extruder an
Qe the volume flow rate.F(t) is plotted as a function of time in
Fig. 13~c!, along with the distributions for a few other flows. It i
seen that, though the basic trends are similar, the RTD is affe
by the nature of the fluid and the flow configuration. It is found
be only slightly affected by the barrel temperature. It is main
affected by the flow rate, or throughput, which substantially infl
ences the flow field. Results at different operating conditions h
been obtained in the literature and used for selecting the appro
ate conditions for a given material or thermal process.

Mixing. An important consideration is the fluid mixing insid
the screw channel since it determines the homogeneity of the
terial being processed. A simple experiment as well as some
sults on mixing, as given by the flow division ratio for flow be
tween two rotating cylinders, were discussed earlier. The fl
undergone by the material particles as the fluid moves do
stream may be considered for a better understanding of the mi
process. Based on the calculated three-dimensional velocity fi
one can introduce particles inside the screw channel and fo
JUNE 2001, Vol. 123 Õ 187
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the movement of these particles along the channel@58#. The par-
ticles undergo spiral movements, except those near the barre
face which go straight across the flight gap into the adjacent ch
nel. The spiral movement of the particles inside the screw cha
promotes mixing within the single screw extruder. This recirc
lating flow is not captured by the simpler two-dimensional mo
discussed earlier.

The distributive mixing inside the channel may be represen
in terms of mixing between two different types of materia
shown as white and black portions in Fig. 14 with each initia
occupying one half of the channel. These materials are follow
with time as the fluid moves in the channel. Clearly, the proces
a slow one, though the materials are eventually mixed with e
other as time elapses. Several other measures of mixing have
considered in the literature. Kwon et al.@59# studied kinematics
and deformation to characterize mixing. Substantial work has

Fig. 13 Residence time distribution „RTD… calculations. „a…
Schematic diagram showing the dye slab and the computa-
tional domain for RTD calculations; „b… variation of the dye flow
rate, normalized by the total flow rate, with time for typical op-
erating conditions; „c… variation of the cumulative distribution
function F „t… for different flow configurations, with t̄ as the av-
erage residence time.
188 Õ Vol. 123, JUNE 2001
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been done on mixing in twin screw extruders, including the use
chaos introduced by changes in the geometry and the boun
conditions@60#.

Experimental Results.Experimentation on fluid flow in the
extruder channel is involved because of the complex domain
generally opaque nature of the typical materials. However, ex
sive experimental data on the overall characteristics of the ex
sion process are available in the literature. Most of these con
the practical issues in extrusion such as temperature and pre
at the die, residence time distribution, total heat input, charac
istics of the extrudate, total torque exerted on the screw, and
rate. Much of this information is reviewed in books such as tho
by Tadmor and Gogos@38#, Harper@28#, and Rauwendaal@61#.
However, very few studies have focused on the fluid flow in t
channel. Over the last decade, Sernas and co-workers@62,63# have
carried out well-designed, accurate, controlled and innovative
periments on single- and twin screw extruders. These results h
been used for the validation of the analytical and numerical m
els presented here, as well as for providing a better understan
of the basic fluid flow and heat transfer processes associated
extrusion.

A specially designed single screw extruder is used for th
experiments. A plexiglas window can be fitted at any one of
measuring ports to provide optical access to the flow to obse

Fig. 14 Mixing characteristics in a single screw extruder chan-
nel shown in terms of time sequence of distributive mixing of
two different materials inside the screw channel †58‡
Transactions of the ASME
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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‡
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the extent of fill of the screw channel. The barrel is subdivid
into three sections which can be maintained at different unifo
temperatures by the use of circulating water jackets. The pres
and temperature are measured at various locations. The mea
ment of the temperature profile in the screw channel is com
cated because of the rotating screw. A cam-driven thermoco
system, as shown in Fig. 15~a!, is installed on the extruder to
allow the thermocouple probe to travel in and out of the chan
in a synchronized motion linked to the screw rotation. The pro
moves into the channel to a preset distance while the flig
traverse due to screw rotation. The loci of points where data
taken are sketched in Fig. 15~b!. As expected, considerabl
amount of care is involved in extracting the appropriate data
the temperature profile@62,63#.

Some characteristic experimental results for Viscasil-300
which is a non-Newtonian fluid, are shown in Fig. 16, along w
numerical results from two-dimensional finite difference a
three-dimensional finite element calculations@40,64#. The effect
of recirculation in the screw channel is seen in terms of the te
perature near the screw root being closer to that near the ba
than that predicted by the two-dimensional model. Clearly
three-dimensional model is needed to capture this recirculatio
is interesting to note that these observations led to the deve
ment of the three-dimensional model for flow in the screw ch
nel. A close agreement between the experimental and nume
results, in terms of pressure and temperature measured at th
was also observed, providing strong support to the model. It
found that, for a given die, the die pressure rises with the flow
which is increased by raising the screw speed. Also, as expe
the pressure increases as the fluid moves from the inlet tow
the die.

Twin-Screw Extrusion. Twin screw extruders are used exte
sively in the processing of polymeric materials and in operati
which include pumping, polymer blending, and distribution
pigments and reinforcing materials in molten polymers. The m
advantages of twin-screw extruders, over single-screw extrud
are better stability, control and mixing characteristics. In tw
screw extruders, two screws lie adjacent to each other in a b
casing whose cross section is in a figure of eight pattern, see
17. Twin screw extruders are of many types, such as, interm
ing, non-intermeshing, co-rotating, counter-rotating, to nam
few. When the screws rotate in the same direction they are ca
co-rotating and when they rotate in opposite directions, they
known as counter-rotating twin screw extruders. Depending u
the separation between the axes of the two screws, twin sc
extruders are classified as intermeshing or non-intermeshing
eering
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truders. If the distance between the screw axes is less than
diameter at the tip of the screw flight, then one screw intermes
with the other and thus yields an intermeshing twin screw
truder. Otherwise, it is known as a non-intermeshing twin scr
extruder. When the distance between the screw axes is equ
twice the radius at the screw root and the flights of one sc
wipe the root of the other screw, then the extruder is known a
fully intermeshing and self wiping twin screw extruder.

The flow domain of a twin-screw extruder is a complicated o
and the simulation of the entire region is very involved and ch
lenging@65#. In order to simplify the numerical simulation of th
problem, the flow is divided into two regions: the translation, or

Fig. 16 Comparisons between numerical and experimental re-
sults on temperature profiles for Viscasil-300M, with „a… and „c…
from the 3D „FEM… model and „b… and „d… from the 2D „FDM…

model. For „a… and „b…: TiÄ20.3°C, TbÄ12.2°C, NÄ20. For „c…
and „d…: TiÄ18.8°C, TbÄ22.3°C, NÄ35.
JUNE 2001, Vol. 123 Õ 189
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region, and the intermeshing, orM region, as sketched in Fig. 17
This figure schematically shows a section taken normal to
screw axis of a tangential co-rotating twin screw extruder and
two regions. The counter-rotating case is also shown. Due to
nature of the flow and geometric similarity, the flow in the tran
lation region is analyzed in a manner identical to that for a sin
screw extruder. Therefore, this region is approximated by a ch
nel flow. The intermeshing, or mixing, region is represented
the geometrically complex central portion of the extruder, b
tween the two screws. The two regions are separated by a h
thetical boundary used for numerical calculations only. For furt
details on this model for the twin screw extruder and on the
merical scheme, see@60,65–67#. The finite-element method is

Fig. 17 Schematic diagram of the cross-section of a tangential
twin screw extruder, showing the translation „T… and intermesh-
ing, or mixing „M…, regions

Fig. 18 Mesh discretization for the mixing region in a co-
rotating tangential twin screw extruder, along with typical com-
puted results for low density polyethylene „LDPE… at nÄ0.48,
TbÄ320°C, TiÄ220°C, NÄ60 rpm, q vÄ0.3
190 Õ Vol. 123, JUNE 2001
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particularly well suited to the complex domains that arise in tw
screw extruders. Figure 18 shows the finite element mesh u
and some typical results on the transport in the mixing or
region of the extruder. It is seen that large gradients in press
velocity and shear rate arise in the nip region, resulting in s
stantial fluid mixing, unlike the small recirculation in single-scre
extruders.

Chiruvella et al.@68# approximated the intermeshing region
a self-wiping co-rotating twin screw extruder to develop a contr
volume based numerical scheme similar to the SIMPLER al
rithm @52#. Figure 19~a! shows a cut-away view of the extrude
considered. The flow in the intermeshing region is thre
dimensional with the flow shifting by the flight width as it goe
from one channel to the other. Solutions are obtained for the tra
lation and intermeshing regions and linked at the interface,
overlapping region. The screw channels are assumed to be c
pletely filled and leakage across the flights is neglected@68#. Fig-
ure 19~b! shows the pressure and temperature rise when the tr
lation and intermeshing regions are coupled. A good agreem
with earlier finite-element results is observed. Additional results
different operating conditions and materials were obtain
@68,69#. Viscous dissipation was found to increase the tempera
in the fluid above the barrel temperature for typical operat
conditions. This model is much simpler than the finite elem
model, requiring much less storage space and computational t
thus making it attractive in modeling practical problems and
design for industrial applications.

Velocity measurements are quite involved because of the c
plex geometry and rotating screws. Karwe and Sernas@70# and
Bakalis and Karwe@71# have carried out measurements of t
fluid velocity field for heavy corn syrup which is transparent.
plexiglas window was used for visual access to the twin screw
the extruder. A two-component Laser Doppler Anemome
~LDA ! in the back-scatter mode was used to measure the l
velocities in the extruder, as shown in Fig. 20~a!. As expected, the
flow was found to be very complicated and three-dimension
The flow field in the translation region could be compared w
the numerical prediction and is shown in Fig. 20~b!. A fairly good
agreement is observed, lending support to the model and the
perimental procedure. Tangential and axial velocity compone
were also measured in the intermeshing region and compared
numerical predictions, yielding good agreement. Leakage ac
the flights was found to be significant and the three-dimensio
nature of the flow field was evident in the results.

Chemical Conversion. Typical results on the conversion o
amioca, which is a pure form of starch, at constant screw sp
and throughput, are presented in Fig. 21. The degree of con
sion depends upon the velocity field and the reaction rate cons
K which varies with the local temperature of the extrudate,
mentioned earlier. For smaller velocities, the degree of conver
up to a given axial location is higher. This is clear in the regi
near the screw root in all of the conversion contours. As the te
perature increases along the down-channel direction, the degr
conversion increases, though the down-channel velocity does
change much. At a barrel temperature of 150°C, the local te
perature is much higher than that at 115°C. Since the reaction
constant is higher when the local temperature is higher, the m
rial gets converted in a shorter distance than that in the case w
the temperature is lower. Several other results were obtained
der different temperature levels and throughputs@32#. This figure
shows the typical trends observed. With increasing flow rate,
degree of conversion decreases since the residence time is sm
allowing less time for the chemical reactions to occur. A compa
son with experimental results also showed good agreement. H
ever, in these cases the screw is not filled with a rheological fl
throughout. Only a fraction of the channel length, as given in
figure, is completely filled, with the remaining portion either pa
Transactions of the ASME
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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
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tially full or containing powder which cannot be treated as a flu
Further work is needed on chemical kinetics and on mic
structural changes in such problems.

Powder Flow. In the processing of plastics and food, the m
terial is generally fed into the extruder as solid pieces or as p
der. This material is conveyed by the rotating screw, compac
and then melted or chemically converted due to the thermal
mechanical energy input. Figure 22~a! shows a schematic of th
overall process for food extrusion. The solid conveying region
generally modeled as a plug flow with friction and slip at t
boundaries, as sketched in Fig. 22~b!. Friction factors have been
measured for different materials and are available in the literat
The force balance yields the pressure variation in this reg
@38,72#. This material is compacted due to the increase in pres
downstream. For modeling the compaction process, informatio
needed on the variation of density or porosity of the material w
pressure. Also, accurate friction factors are needed for the g
powder and barrel and screw materials. Very little work has b
done on powder flow and compaction, even though it is expec
that this process will have a substantial effect on the flow, h
transfer and conversion processes downstream@72#. Clearly, fur-
ther detailed work is needed on this problem.

Additional Aspects. The preceding presentation on polym
extrusion brings out the major concerns and complexities in
important area. However, there are many additional aspects
arise in practical circumstances. These include melting and so
fication of the material, different screw configurations, leaka
across screw flights, flow stability, process feasibility, and
conjugate transport due to conduction in the barrel. Transien
fects are particularly important, both for the start-up of the proc
and for changes in the operating conditions. The feasibility of
process is determined largely by the pressure and temperatur
in the extruder and, therefore, by the flow. Many of these asp
have been considered in detail in the literature and the refere
given in this section may be used for additional information.
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Summary. The processing of polymers and other similar m
terials like food, rubber and pharmaceutical materials is used
tensively in a wide variety of industries. Extrusion also frequen
precedes injection molding, another important processing met
for plastics. Composite materials are also generally produced
reinforcing polymers with a variety of fibers made of metals, c
ramics, glass, etc., to obtain the desired characteristics. Ag
extrusion and injection molding are important processing te
niques for such materials. The fluid flow strongly affects the m
ing process, as well as the residence time, which influences
physical and chemical changes in the material. The flow also
fects the thermal transport, which determines the tempera
field, the fluid viscosity, and the pressure rise. These variables
the flow determine the characteristics of the final product.

Optical Fiber Drawing. Another important manufacturing
process, which was considered in the preceding discussion
which has become critical for advancements in telecommun
tions and networking, is optical fiber drawing, sketched in F
1~a!. In this process, the viscosity of glass, which is a supercoo
liquid at room temperature, is a very strong function of tempe
ture. At its softening point, the viscosity is still very high, being
the same order as that of polymer melts considered in the prev
subsection. Thus, viscous dissipation is important and the mom
tum and energy equations are coupled. The analytical/nume
treatment is thus similar to that described in the previous sect
Even small temperature differences are important because o
effect on the viscosity and thus on the flow field. However, gla
flow may be treated as Newtonian at typical draw speeds.

In optical fiber drawing, the diameter of the cylindrical ro
which is specially fabricated to obtain a desired refractive ind
variation and is known as a preform, changes substantially, f
2–10 cm to about 125mm, in a distance of only a few centime
ters. This places stringent demands on the grid, shown in Fig. 5
well as on the numerical scheme because of the large chang
the surface velocity. The radiative transport within the glass
JUNE 2001, Vol. 123 Õ 191
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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 x profiles for isothermal heavy corn syrup at
26.5°C, with mass flow rate of 6 kg Õh and screw speed of 30 rpm
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determined using the optically thick medium approximation
improved models such as the zonal method@73#. The main inter-
est in this process lies in obtaining high quality optical fibers,
indicated by low concentration of process-induced defects, des
variation of refractive index, low tension, strength, and other i
portant measures, at high draw speeds.

Typical computed results in the neck-down region, for a spe
fied profile, are shown in Fig. 23, indicating the streamfuncti
vorticity, viscous dissipation and temperature contours. The fl
is smooth and well-layered because of the high viscosity. A ty
cal temperature difference of 50–100°C arises across the fibe
preform diameters of around 2.0 cm. As mentioned earlier, e
this small difference is an important factor in fiber quality a
characteristics. Larger temperature differences obviously arise
larger preform diameters. Viscous dissipation, though relativ
small, is mainly concentrated near the end of the neck-down
the small diameter region, and plays an important role in ma
taining the temperatures above the softening point. Further de
on this problem may be obtained from@14,17,18,41,74#.
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Neck-Down. The simulation of the free surface is another d
ficult problem, as discussed earlier. Several studies in the lit
ture have considered fiber formation from the melt, particula
for polymers, and jets and other free surface flows@75–78#. Op-
tical fiber drawing involves modeling the free surface flow
glass under large temperature differences and large chang
viscosity and cross-sectional area. Several simple models h
been employed to study the flow in this region, known as
neck-down region@74#. In a recent study, a combined analytic
and numerical approach, based on the transport equations
surface force balance, was developed for the generation of
neck-down profile of an optical fiber during the drawing proce
@41#. An axisymmetric, laminar flow was assumed in the glass a
in the circulating inert gases. The governing transport equati
were solved employing a finite difference method. The radia
lumped axial velocity, the normal force balance and the verti
momentum equations were used to obtain a correction schem
the neck-down profile. After a new corrected profile is obtain
the full governing equations are solved for the flow and heat tra
Transactions of the ASME
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Fig. 21 Isotherms and conversion contours while extruding
amioca in a tapered single screw extruder, with T bÄ115°C, Ti
Ä90°C, NÄ100 rpm, mass flow rate ṁÄ10 kg Õh, moisture
Ä30 percent
e of
alue

Journal of Fluids Engineering
fer, considering both radiation and convection transport. This p
cess is continued until the neck-down shape does not change f
one iteration to the next. It was found that viscous and gravi
tional forces are dominant in the determination of the profi
Surface tension effects are small even though they are impor
in many other free boundary flows@79#. The external shear and
inertial effects are small, as expected.

A typical example of the numerical generation of neck-dow
profile with a cosinusoidal starting profile is shown in Fig. 24~a!.
From the figure it is seen that during the first few iterations, t
neck-down profile is quite unrealistic, with a flat region and a
abrupt change in radius around where the starting polynomial p
file ends. But after a few iterations the shape becomes smooth
monotonically decreasing, eventually reaching a steady, c
verged, profile, indicated by the invariance of the profile wi
further iterations. It must be mentioned here that the radius
proaches the dimensionless fiber radius as the axial distance
proaches the furnace exit. However, because of the small valu
dimensionless fiber radius, the graphs seem to show that the v

Fig. 22 „a… Schematic of the various regions in food extrusion;
„b… modeling of powder flow in a single screw extruder
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
JUNE 2001, Vol. 123 Õ 193
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approached is zero. For convergent cases, perturbations to
initial profile and different starting shapes lead to the conver
neck-down profile, as seen in Fig. 24~b!, indicating the robustnes
of the scheme and the stability of the drawing process. The fo
balance conditions were also closely satisfied if the iterations c
verged. However, convergence does not occur in every case,
ing to a feasible domain, as discussed below.

Feasible Domain. It was shown by Roy Choudhury et al.@41#
that, for given fiber and preform diameters and for a given dr
speed, the fiber cannot be drawn at any arbitrary furnace
temperature distribution. If the furnace temperature is not h
enough, the iterative radius correction shows that the fiber bre
due to lack of material flow, a phenomenon that is known
viscous rupture@80#. Similarly, it can be shown that for a particu
lar furnace temperature and fiber speed, the fiber can be d
only if it is above a certain diameter. It can also be shown that
a given preform and fiber size, and with a given furnace temp
ture, there is a limit on the speed beyond which no drawing
possible, as this leads to rupture. Figure 25~a! shows the different
cases studied, including the cases where drawing was feasible
the cases when it was not. From this figure, a region can be i
tified beyond which drawing is not possible. For the region wh
drawing is feasible, the draw tension is calculated. The ‘‘is
tension’’ contours are shown in Fig. 25~b!. As expected, the draw
tension is low at higher temperatures and lower speeds, w
explains the positive slope of the iso-tension contours. For a r
istic fiber-drawing operation, these results are very importa
since the operating parameters~such as furnace temperature a
draw-down speed! can be identified so that a fiber of desired d
ameter can be drawn at the applied tension@81,82#. It must be
pointed out that only a combination of fiber speed and furn
temperature has been considered here. It is possible to o
similar results for different combination of other physical and p

Fig. 24 Iterative convergence of the neck-down profile in op-
tical fiber drawing. Here, r *ÄrÕR and z*ÄzÕL, where R is the
preform radius and L the furnace length.
194 Õ Vol. 123, JUNE 2001
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cess variables such as the external gas, flow velocity, flow c
figuration, furnace temperature profile, furnace size, etc. Th
feasibility of the process is determined largely by fluid flow,
was the case in polymer processing.

Experiments. Experimental work on the flow and therma
transport in the optical fiber drawing is very complicated becau
of the high temperatures, high draw speeds and difficult acce
bility into the furnace@74#. Most measurements have focused o
the characteristics of the fiber for different operating conditio
such as furnace wall temperature, draw speed and applied ten
Relatively few results are available that may be used for comp
sons with numerical predictions. A comparison with the profi
experimentally obtained by Paek and Runk@83# has been carried
out. For the heat transfer coefficient distribution given by Pa
and Runk, a parabolic furnace temperature profile has been u
by Lee and Jaluria@17,18# to predict the maximum temperature i
the preform/fiber and its location. The same parabolic furna
temperature profile, with a maximum temperature of 3000 K a
minimum temperature of 2300 K, was used for obtaining t
neck-down profiles@41#. From the analytical results obtained b
Paek et al.@84#, the draw tension plotted on a logarithmic scale
expected to vary linearly with the inverse of the furnace tempe
ture. A comparison of the computed results with the experimen

Fig. 25 Results obtained from a feasibility study of the fiber
drawing process: „a… different cases studied, showing both fea-
sible and infeasible combinations of parameters and „b… ‘‘iso-
tension’’ contours for the feasible range of fiber drawing
Transactions of the ASME
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Fig. 26 Comparison of the numerical predictions of neck-down profile and draw tension with
experimental results
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data show good agreement, as seen in Fig. 26. The quantit
trend is reasonably good, even though the furnace tempera
profile, except for the maximum value, is guessed, and all pr
erties for fused silica are taken from the literature. These comp
sons with experimental results lend strong support to the appro
outlined here for determining the neck-down profile.

A study of the flow and thermal transport associated with
draw furnace require accurate knowledge of the furnace wall t
perature distribution. An experimental procedure involvi
mounting rods of different materials and diameters and feed
them axially within the furnace cavity was employed for this pu
pose, see Fig. 27~a!. Each rod was instrumented with therm
couples inserted through an axial hole along the centerline.
temperature measurements were used along with a nume
model for the flow and heat transfer in the furnace in order
obtain the furnace wall temperature profile@85#. This is an inverse
problem since the centerline temperature in the rod is kno
whereas the furnace thermal conditions are not known. The re
obtained using the graphite rods suggest that the furnace tem
ture is not affected by rod size. Figure 27~b! shows the computed
temperature distribution along the graphite heating element.
dashed lines represent the water cooled portion of the furn
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cavity. The convergence of the optimization method used for
riving the heating element temperature distribution is dem
strated by the agreement between the predicted and measure
temperatures. The computed maximum element temperat
were in good agreement with the furnace sensor temperature a
hot zone centerline, lending support to the model for the flow a
thermal transport in the furnace. The small difference between
computed element temperatures for the two rod sizes is in sup
of the previous statement that there was a small influence of
size on the furnace temperature distribution. However, the ef
of larger than the presently used rod sizes on furnace tempera
needs further investigation. Similar results were obtained for
other furnace temperatures and for other materials, includ
silica glass@86#.

Coating. As shown in the schematic diagram of the typic
fiber drawing process in Fig. 1~a!, the fiber is cooled as it move
toward the coating section where it is coated with a jacket
material for protection against abrasion, to reduce stress indu
microbending losses, and for increased strength. The upper
perature at the coating section is limited by the properties of
coating material used. For commercial curable acrylates, this t
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.
JUNE 2001, Vol. 123 Õ 195
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perature generally cannot exceed 150°C. The wet coating is
cured by ultra-violet radiation as it passes through the curing
tion, and finally the fiber is spooled around a takeup drum at
base of the tower.

The basic coating process involves drawing the fiber throug
reservoir of coating fluid from where it is passed through a
that may be used to control the thickness and the concentricit
the coating layer. Coating thickness may also be controlled
‘‘metering’’ the flow rate, while a flexible exit die may be use
for centering the fiber. This is immediately followed by a curin
process that results in solidification of the coating material aro
the fiber. Figure 28 shows schematic diagrams of typical coa
applicator and die systems. Viscous shear due to the moving
results in a circulatory fluid motion within the fluid. This proble
is very similar to polymer flow in a channel or die, as discuss
earlier. A balance between surface tension, viscous, gravitatio
and pressure forces results in an upstream meniscus at the
entrance@87–90#. This consideration is similar to that employe
for determining the neck-down profile in fiber drawing and a sim
lar approach may be used in this case too. A downstream me
cus at the die exit results primarily from a balance between
cous and inertia forces, the surface tension being a relatively s
effect. Centering forces within the tapered die contribute to
positioning of the fiber at the die exit center. Successful coati
are concentric, of uniform thickness, and free of particle inc
sions or bubbles. Excellent reviews of much of the earlier inv
tigations on fiber coatings have been presented by Blyler e
@91#, Li @14#, and Paek@92#.

The use of high draw rates requires consideration of altern
pressurized applicator designs, where pressure induced motio
the coating material is used to reduce the shear at the fiber su
and probably results in the establishment of a stable free sur
flow, though this aspect needs further investigation. An additio
benefit resulting with such pressurized dies has been the inco
ration of gas bubble reducing, or bubble stripping, designs wh
have resulted in minimizing gas bubbles entrained at the coa
cup entrance and then trapped within the coating layer. The ph
cal and rheological properties of coating materials and their t
perature dependence are particularly important for the flow wit
the applicator. However, accurate property data are generally
available. Coating layer thicknesses range between 30 and
mm.

Several investigators have focused their attention on air ent
ment by the moving fiber and the resulting deterioration of
coating. The characteristics of the meniscus, particularly its
bility, have been studied in detail. Ejection of air bubbles by
streaming from interface cusps near the fiber was investig
@93#. The dynamic meniscus in pressurized and unpressurize
ber coating applicators was studied in detail, experimentally
numerically, by Ravinutala et al.@94#, following an experimental
study by Abraham and Polymeropoulos@95#. Figure 29 shows
images of the meniscus formed with the fiber moving into
unpressurized open cup applicator, as well as inside a micr

Fig. 28 Sketch of the flow in the chamber and the die for „a… an
open cup, and „b… a pressurized coating applicator, showing
the upper and lower menisci
196 Õ Vol. 123, JUNE 2001
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pette tube with a pressurized applicator. The fiber speed wa
m/min. In both cases, the dynamic contact angle was near
deg. Figure 29 A clearly shows the breakdown of the menis
into saw tooth patterns and tip streaming as previously obser
On the other hand, the pressurized applicator meniscus im
Fig. 29 B, appears to be smooth, suggesting suppression of l
scale breakdown at the same fiber speed. Figures 29 C and D
low magnification images clearly demonstrating that the unpr
surized meniscus generates a large number of relatively larg
bubbles compared to the pressurized meniscus in Fig. 29 D w
air bubbles are probably too small to be detected. Compariso
the shape of the menisci in Figs. 29 A and 29 B shows that
effects of pressure and geometry are to flatten the meniscus a
increase the slope of the liquid-air interface near the fiber co
pared to those for an unpressurized meniscus. This probably
sults in a smaller air volume available for entrainment account
for the difference between Figs. 29 C and 29 D. Numerical m
eling results were found to agree closely with the experimen
observations on the flow and pressure distributions. However,
ther investigation is clearly needed to understand the effec
pressure on air entrainment and to design applicators and die
obtain high-quality fiber coatings.

Additional Aspects. The main considerations that arise in th
drawing of optical fibers are outlined in this section. The proble
is an extremely complex one, though it is also a very import
material processing technique because of the tremendous w
wide demand for optical fibers. This has led to increasing dr

Fig. 29 „A, C… Unpressurized test section; „B, D… Meniscus in
630 mm diameter tube, test section pressurized. Fiber speed
Ä20 mÕmin.
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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
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speeds and preform diameters, resulting in stringent requirem
being applied to both the process and to its modeling. The fi
has to be cooled rapidly in order to reach appropriate tempera
levels before coating is applied. Substantial work has been d
on the flow in the forced cooling process, considering laminar
turbulent flow in the cooling section@74,96#. This is similar to the
continuous processing problem, considered later in this pape

The flow of inert gases in the draw furnace plays a very imp
tant role in the transport processes within the furnace and thu
the flow and heat transfer in the glass. However, the flow i
strong function of the geometry, particularly the locations of t
inlet/outlet channels, and of the flow rate. The flow can aff
local transport rates and thus cause local hot or cold spots. Fi
30 shows the calculated flows for two different configuratio
The side inlet, though more convenient to design and operate@81#,
directs the cold fluid at the fiber, causing possible local cool
and breakage. Similarly, flows that aid or oppose fiber mot
respectively increase or decrease the heat transfer, signific
affecting the process.

Defects are another important consideration, because thes
fect the quality of transmission in the fiber and the distance
could go without enhancing the signal. Many defects are ge
ated by the thermal field and the flow, and enhanced cooling co
affect the distribution and retention of these defects. The g
flow also affects the distribution of these defects, as well as
dopants put into the preform to obtain specialized fibers. Sev
studies have considered the kinetics of thermally induced def
@97,98#. Yin and Jaluria@82# used the equation for the kinetics o
these defects to obtain their concentrations as functions of l
tion and operating conditions. The approach is similar to that
the inclusion of chemical kinetics in other materials process
cases, such as in food and reactive polymer extrusion consid
earlier.

Summary. The flow of glass and inert gases in the furna
affect the heating up of the glass preform and the neck-do
profile, which in turn affect the temperature field, the generat
of defects, the tension in the fiber, and the distribution of impu
ties and dopants. Similarly, the flow in the coating process affe
the menisci, which determine the entrapment of bubbles and
uniformity, thickness and concentricity of the coating. Thus,
flow strongly affects fiber quality as well as the stability and fe
sibility of the process.

Casting. Solidification and melting processes have been st
ied extensively because of their importance in a wide variety
processes such as casting, crystal growing, welding, and poly
injection molding, considering pure materials as well as mixtu
such as alloys@99–103#. As mentioned earlier, the natural con
vection flow in the liquid or melt region is solved and coupl
with the transport in the solid. The location of the moving boun
l of Fluids Engineering
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ary is not known and must be obtained from the solution, as is
case for mold casting shown in Fig. 1~c!. A coordinate transfor-
mation, such as the Landau transformation, which was also u
for the neck-down region in optical fiber drawing, may be e
ployed to make the computational domains rectangular or cy
drical, from the complicated ones shown@24,104,105#. This con-
siderably simplifies the numerical procedure by allowing a regu
rectangular or cylindrical mesh to be used. Several other te
niques have been developed to treat such moving boundary p
lems and the complicated domains that arise. For the continu
casting problem of Fig. 1~b!, the interface between the solid an
the liquid is not known at the onset and an iterative procedure m
be adopted to determine its shape and location. Again, body fi
coordinates may be employed to approximate the irregular sha
computational domains. Of course, if the enthalpy model is e
ployed, the entire region is treated as one, considerably simp
ing the computational procedure. Interest lies in obtaining h
quality castings, with few voids and defects, good grain struct
and low stresses, at high production rates.

Figure 31 shows the numerical results for melting in an e
closed region using the enthalpy model. Streamlines and
therms are shown for four different times during the melting
pure Gallium. This is a benchmark problem in which melting
initiated by a step change in the temperatures at the left and r
boundaries, the left being at temperature higher than the me
point and the right lower. The streamlines indicate the effect
thermal buoyancy which causes the interface between the s
and the liquid to bend, rather than remain parallel to the vert
boundaries. The amount of material melted increases with time
it reaches a steady state for this problem. The recirculation in
liquid is clearly seen. These results are found to agree well w
experimental results available in the literature@16#. The two-
region approach can also be used for modeling this problem.
pure metals, the two-phase, two-region, approach leads to m
accurate results, whereas the enthalpy method is more usefu
alloys and mixtures. A lot of work has been done on such melt
and solidification problems, as reviewed by Viskanta@16,100#.

Conjugate transport is also important in these problems, as
also the case in polymer extrusion and optical fiber drawing. F
ure 32 shows typical numerical results when conduction in
mold is coupled with heat transfer in the liquid and the so
@106#. With increasing time, the liquid region shrinks due to s
lidification, whereas the solidified region increases. The effec
the imposed conditions at the outer surface of the mold on
solidification process can be investigated by solving this conjug
problem, which yields the temperature field in the mold alo
with that in the solid and the liquid, as shown. Banaszek et
@107# carried out experiments and numerical simulations to de
onstrate the importance of conduction in the wall, as shown
Fig. 33. Such numerical and experimental studies can be use
JUNE 2001, Vol. 123 Õ 197
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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… tÄ0.5248, „b… tÄ1.0416, „c… tÄ1.5622, „d… tÄ1.9789.
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determine the progression of the solidification front and th
monitor the generation of voids and other defects in the casti

Experimental studies have been relatively few because of
complexity of the process arising from a moving interface a
time-dependent flow@108,109#. However, detailed experimenta
results are needed to critically evaluate the various models
ployed for simulation as well as to provide information on t
characteristics of the interface for development of microsc
models. Figure 34 shows typical experimental results, along w
numerical predictions, for the melting and solidification of pu
tin @110,111#. The comparisons are fairly good, though the diffe
ences at small time indicate the need to improve the mode
more closely approximate the experimental conditions.

Fig. 32 Isotherms „a,b… and streamlines „c,d… for solidification
in a cavity with conjugate transport to the mold. „a, c… tÄ0.05,
and, „b, d … tÄ0.1.
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Alloys. There has been a growing interest in the basic cha
teristics of solidification for mixtures, particularly alloys, as r
viewed by Prescott and Incropera@103#. Combined heat and mas
transfer processes arise in this case and significantly affect
flow. Figure 35 shows a schematic of the double-diffusive co
vective flow that arises and increases in intensity with time. T
left wall is heated and solidification occurs on the right wall. A
the salt-enriched liquid is ejected from the mushy zone, it form
layer at the bottom and subsequently additional layers arise,
recirculation in each layer driven by horizontal temperature g
dients. Lower heat transfer at the bottom results in larger mu
region thickness@112#. Many interesting experiments on the s
lidification of aqueous NH4Cl solutions and other such fluids hav
been carried out to study the flow structure@101–103#. Similarly,
interest lies in understanding microscopic phenomena assoc
with solidification. This is an area of intense current resea
work. The solidification front can be divided into various morph
logical forms such as planar, cellular and dendritic. Various m

Fig. 33 Experimental and numerical results for water solidifi-
cation driven by convection and conduction
Transactions of the ASME
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els have been proposed and experiments carried out to chara
ize such structures and growth@113,114#. For instance, Fig. 36
shows equiaxed and columnar denritic crystals. Averaging v
umes and dendrite envelopes that may be used for modeling o
microscopic phenomena are shown.

The numerical results for continuous casting are shown in te
of isotherms in Fig. 37, again using the enthalpy method@115#.
The material isn-octadecane which starts as a liquid at the top a
solidifies as it flows through a mold. The buoyancy effects in
flow are found to be small in this case. The shaded region in
cates the demarcation between pure liquid and pure solid. Th
fore, the liquid fractionf 1 is 1.0 at the top of the shaded regio
and zero at the bottom of this region. A value of 0.5 may be ta
to represent the liquid-solid interface, but the enthalpy meth
yields a finite region over which solidification is predicted to o
cur. It is seen that the material solidifies over a shorter distanc
a larger value of the heat transfer rate, indicated by the Biot n
ber, as expected.

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‡

Fig. 35 Schematic of double-diffusive convection during so-
lidification of aqueous Na 2CO3 solution at various times follow-
ing start of the solidification process. „a… 10 min; „b… 30 min; „c…
75 min, and „d… 150 min †112‡.
Journal of Fluids Engineering
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Polymer Melting and Solidification. In many polymer pro-
cessing applications, the melting and solidification of the mate
is an important consideration. In injection molding, for instanc
the molten polymer is injected under pressure in a mold and, a
the mold is filled, the material is allowed to cool and thus solidi
Solidification in extrusion dies and in channels leading to a m
is not desirable since it affects the flow and the pressure due to
resulting blockage. The basic flow configuration is shown in F
38~a!, indicating a solidified layer near the boundaries and flow
the central core. Work has been done on this problem using
enthalpy approach discussed earlier. The interface between
solid and melt regions, and the velocity and temperature distr
tions are computed@116#. Some typical results are shown in Fig

Fig. 36 Schematic illustration of the averaging volume and the
dendrite envelopes for „a… equiaxed growth and „b… columnar
growth †113‡

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… BiÄ0.05, „b…
BiÄ0.1, „c… BiÄ0.15.
JUNE 2001, Vol. 123 Õ 199
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38~b! and~c!. It is interesting to note that as the temperature at
boundary is decreased, the thickness of the solidified layer
creases, resulting in greater blockage to the flow. This, in tu
causes increased viscous dissipation, which heats up the
flowing in the central region. Thus, lowering the wall temperatu
ends up increasing the fluid temperature over the param
ranges considered here. Complete blockage is not found to o
because of increased viscous dissipation effects with gre
blockage.

Summary. The preceding discussion outlines only a few im
portant aspects in the modeling of material processing techniq
based on phase change. More work is clearly needed on cou
microscale phenomena with the overall macro-model of the p
cess and the system. However, recent studies have led to a
better understanding of the solidification process than what
available before. The flow affects the heat and mass transfer
cesses, which in turn influence the characteristics of the melt-s
interface and the rate of melting/solidification. The flow also

Fig. 38 „a… Schematic of polymer solidification in a channel;
„b… dimensionless solid-liquid interface j* ; and „c… maximum
temperature umax in the melt, for different outer wall tempera-
tures uw
200 Õ Vol. 123, JUNE 2001
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fects the quality of the product because of undesirable oscillatio
generation of voids, and distribution of impurities.

Continuous Processing. A continuously moving material un-
dergoing processing results in another important complication
the numerical simulation and experimentation of manufactur
processes. The cooling of the moving optical fiber before coa
is an example of such processing. If the location of the mov
surface is known, as is the case for the circumstance of Fig. 7~b!,
the continuous movement of the boundary may be replaced
steps, so that the lengthL is held constant over a time increme
Dt and the transient conduction problem is solved over this in
val. The lengthL is then taken at the increased value for the n
time interval, with the additional finite region adjacent to the ba
taken at temperatureT0 , and the computation is carried out fo
this interval. The procedure is carried out until results are obtai
over a given time interval or until the steady state circumstanc
obtained@20#. The corresponding initial and boundary conditio
are

t50: L~ t !50

t.0: atx50, T5T0 ; at x5L~ t !,2k
]T

]x
5hL~T2Ta!

(38)

wherehL is the heat transfer coefficient at the end of the mov
rod. The problem may be solved analytically@49# or numerically,
with the latter approach more appropriate for two- and thr
dimensional problems. As time increases, the length of the roL
increases and the temperature at the end decreases. At large
a steady-state distribution arises over the rod and the temper
at the moving end reaches the ambient temperature. The pro
may then be solved as a steady, continuously moving, infinite
case.

Conjugate conditions are very frequently encountered in ma
facturing processes like hot rolling, extrusion, metal forming a
fiber drawing, which was discussed earlier. Conjugate conditi
arise at the surface and the convective transport in the fluid m
be solved in conjunction with conduction in the moving so
@117#. The region near the point of emergence of the material
large axial gradients and require the solution of the full equatio
However, far downstream, the axial diffusion terms are small a
a parabolic, marching, scheme may be adopted. This reduce
computational time, as compared to the solution of the ellip
problem over the entire computational domain. In continuous p
cessing, interest lies in controlling the local and global process
of the material to obtain uniformity, high productivity, and desir
product characteristics.

Figure 39 shows the typical streamlines for a plate moving i
quiescent medium. The ambient fluid is drawn toward the mov
surface. Large pressure gradients directed towards the origin
rise to a small reverse flow in this region. Farther downstrea
this effect dies down and the flow approaches the characteri
of a boundary-layer flow, with its thickness growing in the dire
tion of motion. The inclusion of buoyancy effects due to a hea
plate increases the maximum velocity in the boundary layer,
yond the plate speedUs , if the buoyancy and the plate motion ar
both directed upward, as shown in the figure. This, in turn,
creases the heat transfer from the plate. Similarly, other orie
tions have been investigated.

The time-dependent flow that arises at the initial stages of
process is also important. Figure 40 shows the numerical res
for an aluminum plate moving vertically upward in water. A lon
plate is assumed to start moving at timet50, when the upstream
temperature is also raised to a temperatureT0 which is higher than
the ambient temperatureTa . The flow is seen to start near th
moving boundary due to the no-slip conditions. A recirculati
flow region appears near the heated end, gradually moves do
stream, and is finally swept away by the flow. The boundary la
thickness grows along the direction of motion. The heat trans
Transactions of the ASME
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Fig. 39 „a… Flow in the ambient fluid due to a continuously moving material; „b… di-
mensionless velocity „uÕUs… distribution in the fluid due to a vertically moving heated
plate with aiding buoyancy effects
the
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uid
ans-
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di-
Fig. 40 Calculated time-dependent streamlines for a heated
aluminum plate moving vertically in water at Pr Ä7.0, ReÄ25,
and GrÄ1000
ngineering
coefficient from the plate was found to reach a minimum near
recirculation region. Local hot spots can thus arise in this reg
Buoyancy effects were found to increase with time as the fl
temperature rises. Therefore, the transient flow and the heat tr
fer rates can be substantially different from steady state condit
which are eventually reached and which agree well with exp
mental results. Many different fluids, materials, and flow con

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 Õs, at ReÄ140.36 and
GrÕRe2Ä0.45
JUNE 2001, Vol. 123 Õ 201



Fig. 42 Schematic of steps in a chemical vapor deposition process †34‡
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tions, including channel flows and the effect of buoyancy, ha
been considered for a wide variety of applications in mater
processing@20#.

A few experimental investigations have also been carried
on this problem and provide the results that can be used for
validation of the mathematical/numerical model@118–120#. Gen-
erally, good agreement has been obtained between numerica
analytical predictions and experimental results for a wide rang
materials, geometries and speeds. However, the occurrence
stability, transition and turbulence at large speeds or at large t
perature differences has been found to increase the differenc
tween numerical and experimental results, indicating the need
better modeling of these flows. Figure 41 shows a sequenc
shadowgraph photographs of the flow near the surface of an
minum plate moving vertically downward. As time increases
large disturbance leading to flow separation is seen to arise.
flow under consideration is an opposing buoyancy circumsta
which could lead to flow separation downstream@22#. The distur-
bance was found to remain largely at one location and not m
downstream, indicating that the observed phenomenon is du
opposing buoyancy and not transient effects. The effect is g
erned by the local mixed convection parameter Grx /Rex

2

5gbDTx/n2, and the effect was found to be larger at larger valu
of this parameter. Such disturbances in the flow affect the lo
transport at the surface and thus the local characteristics of
product. It is important to understand and control these effects
better consistency in the processed material.

Summary. The flow is driven by forced flow mechanisms, du
to the moving surface and external pressure field, as well as
buoyancy effects. Thus orientation and geometry are often im
tant considerations in determining the flow. The flow field infl
ences the thermal transport that can affect the local and ave
processing undergone by the material. Transient effects are im
tant at the initial stages of the process and also if changes occ
the operating conditions.

Chemical Vapor Deposition. The deposition of thin films
on- to a solid substrate has become an important technique
materials processing and is of interest in a wide variety of ap
cations such as those involved with the fabrication of microel
tronic circuits, optical and magnetic devices, high performa
cutting and grinding tools, and solar cells. Though a relativ
new method for materials processing, thin film deposition h
attracted the interest of many researchers because of its relev
to many important areas, high quality of material generated, g
control of the process and overall efficiency of the process.
202 Õ Vol. 123, JUNE 2001
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Thin films are generally deposited from a gas phase onto a s
surface. A chemical reaction takes place during the deposi
process and this is referred to as chemical vapor deposi
~CVD!. The products of the reactions form a solid crystalline
amorphous layer on the substrate. The activation energy nee
for the numerous chemical reactions is provided by an exter
heat source. After material deposition on the surface, the bypr
ucts of the reactions are removed by carrier gases@34#. The se-
quence of events involved in a CVD process are shown schem
cally in Fig. 42. Film thicknesses range from a few nanometers
tens of microns. The quality of the film deposited is characteriz
in terms of its purity, composition, thickness, adhesion, surfa
morphology and crystalline structure. The level of quality need
depends on the intended application, with electronic and opt
materials imposing the most stringent demands. In order to
prove the quality of the film deposited, it is necessary to und
stand the basic mechanisms that govern the access of the a
priate chemical species to the substrate. This in turn depend
the flow, the associated heat and mass transfer in the flow re
and at the surface, and chemical reactions that arise. Large

Fig. 43 Practical CVD reactor configurations: „a… horizontal re-
actor, „b… vertical reactor, „c… barrel reactor, „d… conventional
multiple-wafer-in-tube low-pressure reactor †33‡
Transactions of the ASME
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Fig. 44 Computed streamlines, temperature distribution, and Nusselt number for different values of dimensionless
susceptor velocity U sus
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film thickness and composition uniformity are achieved by pro
control of the governing transport processes@33,34#.

Many different types of CVD reactors have been developed
applied for different applications. Most reactor configurations c
be classified into two general classes; the horizontal and the
tical reactor. In the horizontal reactor, the heated suscepto
which deposition is to be obtained is placed at an angle to
incoming horizontal flow. The vertical flow reactor has the su
ceptor positioned perpendicular to the downward flow. Both ty
of reactors are commonly used. A few practical CVD reactor c
figurations are shown in Fig. 43. In most cases, a batch proce
used, with the susceptor stationary or rotating, and after the
cess is completed the susceptor is removed and a new ch
undertaken. Though much of the initial effort was directed at s
con deposition because of its relevance to the semiconducto
dustry, much of the recent interest is directed at the depositio
materials such as titanium nitride, silicon carbide, diamond,
metals like titanium, tungsten, aluminum, and copper.

The quality, uniformity, and rate of deposition are dependent
the fluid flow in a CVD reactor, on the heat and mass transfer,
on the chemical reactions that are themselves strongly influen
by temperature and concentration levels. Mahajan@34# has pre-
sented an excellent review on CVD for materials processing.
flow and heat transfer in CVD reactors were investigated
Evans and Greif@121#, Fotiadis et al.@122# and Karki et al.@123#.
These studies used numerical models based on parabolic go
ing equations along with experimental data to verify numeri
predictions. Analytical models using similarity variables had be
used in earlier work, followed by numerical models using boun
ary layer approximations. One and two dimensional studies w
carried out by Fotiadis et al.@122# using finite element method
al of Fluids Engineering
er

nd
an
ver-

on
the
s-
es
n-
s is
ro-

arge
ili-

in-
of

nd

on
nd
ced

he
by

ern-
al
en
d-
ere

~FEM!. This is appropriate for complex geometries encountere
some CVD processing systems. Rotating susceptor, three dim
sional flow, and experimental measurements have also been
sidered in various investigations.

Figure 44 shows some typical results obtained with a mov
susceptor by Chiu and Jaluria@124#. Both analysis and experimen

Fig. 45 Comparison between numerical predictions, using the
diffusion-controlled approximation and the reaction-controlled
chemical modeling, and experimental results of Eversteyn
et al. †125‡
JUNE 2001, Vol. 123 Õ 203
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Fig. 46 Comparison between experimental observations and numerical predictions of streamlines
at ReÄ9.48 and ReÄ29.7 for a ceramic susceptor
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tal studies have indicated the feasibility of such continuous m
tion. Clearly, continuous processing is a very desirable fea
since it will impact positively on production rates of the process
materials. It is seen that, at small susceptor speeds, the effe
the flow and the temperature field is relatively small, making
possible to use a continuous process. Also, the speed and dire
of motion may be used advantageously to affect the film qua
Conjugate transport at the heated surface is also an impo
consideration, since in actual practice thermal energy is supp
to the susceptor, often at a constant rate, and the temper
distribution at the surface depends on the transport processes
arise. An isothermal condition is an idealization and is rar
obtained.

Experimental Results.Figure 45 shows a comparison betwe
the silicon deposition rate computed using the chemical kine
expression given by Eq.~17! with the measurements of Everstey
et al. @125#. A fairly good agreement is observed. This mod
assumes chemical kinetics limited deposition. Similarly, a dif
sion limited case was considered where the deposition is lar
restricted by the transport process. A large discrepancy is s
near the susceptor’s leading edge in this case. The reac
controlled deposition model thus yields much better agreem
with experimental results. The reaction-controlled deposit
model accounts for the deposition rate dependence on temper
and species concentration at the deposition surface. Dependin
the materials involved, the deposition characteristics may be ta
as diffusion or kinetics limited. Of course, the problem is fair
complicated and the transport processes as well as the che
reactions must be considered at the surface and in the gas pha
satisfactorily model the overall deposition process. Even tho
kinetics results are available for common materials like silic
23, JUNE 2001
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lack of accurate data for deposition of metals and other mate
is a major problem in accurate prediction of the deposition ra

Experimental studies have also been carried out on the flow
channels, such as those shown in Fig. 2~e!, for CVD applications
@33,126,127#. Predicted streamlines are compared to experime
observations in Fig. 46 for flow of air in a straight horizont
channel over a susceptor heated by a uniform heat flux source
two flow rates. As the gas travels over the heated susceptor,
heating gives rise to buoyancy effects. In the case of the lower
a plume develops above the susceptor. This flow pattern gene
two transverse rolls, with their axis of rotation perpendicular
the flow direction. The upstream roll produces a recirculation
gion, while the downstream roll entrains flow from outside. The

Fig. 47 Side view and tail view of the flow pattern in a con-
verging channel with 8 deg tilt. Tail views are located at the end
of the heated section with a light sheet oriented perpendicular
to the main flow.
Transactions of the ASME
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rolls can have significant effect on the deposition rate and fi
uniformity due to the convective displacement of reactants
effect on heat transfer rates. As Re is increased, the plume s
downstream due to greater bulk gas flow. Consequently, the
transverse rolls become smaller and flow entrainment from
outside is reduced. The appearances of oscillatory flow, turbu
flow, transverse and longitudinal rolls are found to be depend
on the channel cross-sectional aspect ratio, flow rate and he
rate.

Significantly different flow regimes are observed when t
same parametric space is examined for a converging channel
an 8 deg tilted heating section. The flow remains steady and la
nar over a larger range of conditions, as compared to a stra
channel, since the reduction in channel height increases the
gas velocity and diminishes the relative effect of the buoya
force. When the flow rate and heating rate are increased, the
sition to a new flow regime, composed of longitudinal rolls wi
the axis of rotation parallel to the main flow, occurs. The s
view of this regime shows oscillatory flow. The tail view revea
the presence of rolls along the heated plate. These rolls are
steady in nature and their presence promotes mixing within
channel. Buoyancy effects increase as Re is decreased or as
increased, and a thermal plume appears above the heated pla
shown in Fig. 47. The corresponding side view shows the brea
of longitudinal roll structures. When this condition occurs, t
flow shifts to a regime dominated by transverse rolls. The plu
generated above the heated plate creates an upstream tran
roll which is observed to be two-dimensional near the cente
the channel. Near the exit, the flow structure breaks up into
bulent flow. The transition from longitudinal rolls to transver
rolls is defined by fitting a curve across the transition zone, yie
ing a critical mixed convection parameter of Gr/Re256000. The
effect on the temperature field and on the heat transfer is
studied. In the design of CVD reactors, entrainment at the exit
transverse rolls are undesirable. Flow entrainment introdu
byproducts and other forms of contaminants onto the depos
surface, thereby lowering product quality. Rolls may act like st
nation zones, preventing the desired species from migrating to
deposition surface. These issues must be considered in d
when CVD reactors are designed.

Summary. The flow in the CVD reactor affects the temper
ture and concentration fields, which determine the local and a
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 invol
Detailed investigations are needed on the chemical kinetics,
associated flow and the resulting deposition for a variety of n
and emerging materials.

Additional Flows. The preceding discussion has presen
several important materials processing techniques and outline
present state of the art in analysis, numerical simulation and
perimentation of the fluid flows associated with these. Howev
as mentioned earlier, materials processing is a vast field and
not possible to cover all the different techniques and systems
for fabricating new, advanced or traditional materials. The prec
ing discussion presents just a few important processes. Ther
many more processes in which fluid flow is of critical importan
and which have seen intense research activity in recent ye
Three such processes are outlined below to bring out some a
tional concerns and to link these with the flows considered ear

Crystal Growing. This is a very important area since mo
semiconductor devices are fabricated from single crystals gr
from the vapor phase or from the melt. The former genera
involves sublimation and chemical transport in a sealed enclo
@128#. The latter was mentioned earlier and sketches of two
portant techniques, Czochralski and floating zone, were show
Fig. 2. Several other crystal growth techniques, such as Bridg
Journal of Fluids Engineering
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crystal growth in which the furnace has an upper zone at temp
ture above the melting point and a lower zone at tempera
below the melting point, have been developed@47,129#. The Czo-
chralski method has dominated the production of single crys
for microelectronics and has been the subject of considerable
search interest@129,130#. The fluid flow phenomena involves
buoyancy-driven convection due to temperature and concentra
gradients, forced and mixed convection because of moving
faces and materials, thermocapillary flows because of surface
sion gradients, phase change, and thermal and mass transpor
cesses. The main concerns are very similar to those in casting
other phase-change processes. The flow affects the quality o
crystal through oscillations, instability, effect on local and avera
transport rates, and distribution of impurities.

Though Silicon crystals have been of particular interest in
fabrication of electronic devices, there has been growing inte
in GaAs, InP and other such compounds because of their us
various electro-optic applications. An encapsulant layer of a v
viscous melt such as boric oxide is placed over the melt to c
escape of volatiles in these cases. Figure 48~a! shows a schematic
of the high pressure liquid-encapsulated Czochralski process
dicating various mechanisms that arise@130, 131#. The flow in the
melt arises under the combined effects of buoyancy, surface
sion and rotation. Similar mechanisms arise for the process sh
in Fig. 2~a!. Several studies have considered these mechan
separately, as well as together, to determine the dominant
and to develop methods to control undesirable flow-induced
fects. The flow due to the combined effects of these mechani
is shown in Fig. 48~b!, indicating oscillatory behavior of the flow
and of the melt-crystal interface. Oscillations damp out at la
time. However, at higher rotational speeds, the oscillatory beh
ior increases and the process is difficult to simulate due to
boundary layers. An applied magnetic field has been found
suppress oscillations and result in a flat interface@130#. Various
other aspects, such as three-dimensional effects, contin
growth system, thermal boundary conditions, and convection
high-pressure liquid-encapsulated Czochralski crystal grow
have been investigated.

Microgravity Materials Processing. Over the past two de-
cades, there has been considerable interest in materials proce
under microgravity conditions. Such an environment would
obtained, for instance, in laboratories orbiting in space and wo

Fig. 48 „a… Schematic of the high-pressure liquid-
encapsulated Czochralski crystal growing system; „b… grid dis-
tribution, flow field and melt-crystal interface at three instants
of time showing strong oscillatory behavior which damps out
at large time †130‡
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allow the processing of materials to be carried out with redu
effects of the terrestrial gravitational field. As discussed earl
buoyancy-driven flows in the melt of a crystal growing syste
affect the quality and characteristics of the crystal by impacting
the solidification process, local transport rates and the natur
the liquid-solid interface. Similarly, gravity plays an importa
role in the shape of the meniscus in the fiber coating process
in the neck-down profile in optical fiber drawing. Thus, b
controlling the gravitational force, we could influence the resu
ing flow and thus the process and the final product@132,133#.
Consequently, substantial research effort is being directed in
area by NASA, the European Space Agency, and other sp
organizations.

The gravitational force is reduced to much smaller amount
space. However, it is not zero and buoyancy-driven flows, tho
substantially reduced, are still present. Similarly, other effects
to gravity are present in reduced form. Also, several other effe
and mechanisms that are relatively small on the Earth bec
much more important. These include thermocapillarity, orbital
tation which gives rise to the Coriolis force, disturbances a
fluctuations. Detailed investigations have been carried out on t
mocapillarity since this is often the dominant mechanism for fl
under microgravity conditions. Attention has been directed at
resulting steady flows that would affect the solidification proc
and the solid-liquid interface. Since instabilities and oscillatio
are not desirable for a uniform, defect-free, crystal of high pur
extensive work has been done on the onset of instability, natur
oscillatory flows that arise and the different flow regimes th
result for various governing parameters such as Prandtl,
rangoni, and Biot numbers@134–137#. The nature of flow under
specified conditions, the critical Marangoni numbers, and the
bility diagrams have been determined. Both numerical and exp
mental studies have been carried out, including experiments u
microgravity. Many papers have focused their attention on cry
growing processes like floating zone and Czochralski metho
Many other aspects of materials processing under microgra
such as bubble migration, film deposition and deforming int
faces, have also been investigated@138,139#. Such efforts con-
tinue and are expected to lead to a much better understandin
the fluid flow for materials processing under micrograv
conditions.

Thermal Sprays. This is another area which has received co
siderable attention as a viable process for manufacturing nea
shape structured materials. Sprays containing droplets of the
sired deposition material are directed at a chosen substrate
deposited by rapid solidification. The process is fast since m
processing steps are eliminated and rapid solidification elimin
macro-segregation which weakens traditionally cast mater
@140#. Superior properties associated with fine-grained mic
structures and non-equilibrium phases are usually obtained
wide variety of materials, such as aluminum, tin, and various
loys have been employed in the droplet-based manufacturing
cess. This process involves generating the droplets, the conve
flow in the spraying process, droplet impact and deformation,
rapid solidification@140–144#. Plasma spraying is used for fabr
cating ceramics, particularly nanostructured ceramics, and var
other materials@145,146#.

Much of the effort in these and other papers has focused
rapid solidification because the properties of the final product
strongly dependent on this process. Various models have b
developed and carefully conducted experimental data have
used for validating and improving the models. The impact of
droplet on the surface, its deformation and spread, and the so
fication time are determined. The velocity field inside the spre
ing droplet is computed and the free surface is tracked. The
lidification process is then treated with multi-dimensional mod
to determine pores, cavities and other defects. The stagnation
problem is investigated to model the spray and its impingemen
a substrate, involving solidification of liquid in motion. In-fligh
206 Õ Vol. 123, JUNE 2001
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behavior of droplets, particularly with respect to nucleation a
solidification, are also considered. The overall problem is ob
ously very complicated since it involves complex flows with fr
boundaries, moving surfaces, phase change, and rapid cha
with time. However, because of the advantages it offers in m
rial fabrication, in terms of speed and quality, substantial resea
effort is directed at the thermal spray process at present.

System Simulation, Design and Optimization. Another im-
portant aspect that must be mentioned here is the numerical s
lation of the overall system, since the process undergone by
material is a consequence of the flow and energy exchange
the various components of the system. The numerical simula
of the system refers to the use of the numerical model to obta
quantitative representation of the physical system and to cha
terize its behavior for a given design or set of operating conditi
and for variations in these. Consider, for instance, a typical e
trical furnace, which consists of the heater, walls, insulation, in
gas environment and the material undergoing heat treatment.
transport mechanisms in all these components are coupled thr
the boundary conditions. The gas flow is driven by an externa
imposed pressure difference, such as that due to a fan or a blo
by moving materials in continuous processing, and by buoyan
Each individual component may first be numerically simulated
uncoupled from the others, by employing prescribed bound
conditions. Then, these individual simulations are combined, e
ploying the appropriate coupling through the boundary conditio
This procedure provides a systematic approach to the nume
simulation of the system, which may be a simple one or a co
plicated practical one@23,43#. Once the simulation of the system
is achieved, with satisfactory experimental validation, the des
and optimization of the process as well as of the system may
undertaken. The results obtained from the simulation provide
necessary inputs for improving existing designs and develop
new ones for improving the productivity and the product qual
for a given manufacturing process@1#.

Present State-of-the-Art
It is obvious from the preceding review that the fluid flow ph

nomena associated with a wide variety of materials proces
techniques have been investigated in detail. Mathematical mo
of various complex circumstances that arise in materials proc
ing have been developed and applied to practical systems
processes. Some of the common situations are:

1 Moving and free boundaries
2 Combined transport mechanisms
3 Conjugate conditions that couple different regions
4 Mechanisms occurring at different length and time scales
5 Flows with phase change and chemical reactions
6 Large material property changes
7 Non-Newtonian flows
8 Particulate flows

Though numerical approaches have been most extensively
to solve the governing equations, analytical solutions have a
been obtained for certain simplified and idealized cases. Th
have been mainly used for validating numerical models and
providing physical insight into underlying mechanisms. Expe
mental results have also been obtained in a limited numbe
flows in order to validate the numerical models and to prov
guidelines for model development by increasing the basic un
standing of the process.

Much of the effort in this area has been directed at the num
cal modeling and simulation of processing. Using advances
computational fluid dynamics, many specialized techniques h
been developed to simulate the complexities that typically aris
materials processing. These include
Transactions of the ASME
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1 Coordinate transformations for grid generation in comp
domains

2 Coupling of different regions and mechanisms
3 Finite difference, finite element and other approaches
4 Simulation of deforming materials
5 Solution of inverse problems
6 Modeling complicated boundary conditions
7 Solution of time-dependent problems
8 Other complications mentioned earlier

Advantage has been taken of advances in computational h
ware and software for visualization, improving accuracy, and
reducing computational storage and time. Similarly, experime
work has relied heavily on the techniques developed for flow
sualization and measurement, such as laser Doppler anemom
particle image velocimetry, infra-red, laser and video imagi
high-speed photography, as well as traditional methods of m
suring flow, temperature, pressure and other variables. Specia
techniques for measuring, for instance, temperature and velo
in a rotating screw extruder, have been developed to investi
flow phenomena in materials processing. The preceding rev
has presented several analytical, numerical and experime
methods that have been employed to investigate these flows

Future Research Needs
Our understanding of flow phenomena in materials proces

has grown significantly over the last three decades. Howe
there are still many areas that need detailed and concentrated
ther investigation. These are considered in terms of separate
egories in the following.

Critical Areas. The three main areas that are in critical ne
of further study are:

1. Material properties. In many of the simulations and exper
ments, the material properties available in the literature have b
used. Frequently, data are available only under standard co
tions, even though the processes occur at much higher temper
and pressure. Equations for chemical kinetics are often not a
able or only a few data points are available. Therefore, the m
surement and availability of accurate material properties are
cial to a study in this area.

2. Experimentation. It has been mentioned that experimen
results are very sparse because of the time and effort neede
accurate data. However, experiments are strongly needed for
dation of models and for providing inputs and insight for futu
model development.

3. Coupling of micro/macro scales. It is very important to sat-
isfactorily link the transport mechanisms at the microscale wh
material processing generally occurs with those at the macr
engineering scale where the appropriate boundary conditions
imposed. A few studies have considered this aspect, as menti
earlier. But much more needs to be done in order to link mate
quality with the operating and design conditions.

Additional Topics. Besides these three major areas that n
further investigation, work is needed on several other top
Some of the main ones are:

1 New and innovative experimental techniques for realis
materials which are often opaque and for measurements u
high temperature and pressure.

2 Numerical techniques for very large material prope
changes and for coupling the transport equations with the che
cal kinetics which may involve several different reactions, w
different reaction rates, activation energy, and other constant

3 Flow circumstances involving complex materials such
powders, particulates, granules, and highly porous materials.

4 Accurate numerical modeling of combined mechanism
multiple domains, multiphase flows, and conjugate conditions

5 Instability of the process due to underlying flow instabili
mechanisms. Effect of these instabilities on process feasibility
Journal of Fluids Engineering
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6 Characteristics of free surfaces and interfaces.
7 Effect of flow on product characteristics and thus on the

eration and optimization of the process and system.
8 Development of new products, processes and systems o

basis of underlying fluid phenomena.

Important Processes for Future Study. Several important
materials processing techniques and systems have been co
ered in this review and their future reseach needs have been
lined. However, there are many others that need careful deta
investigation because of their growing importance. Some of
important processes that are expected to be important in the fu
and that should be targeted for research are:

1 Chemical reaction based processing
2 Biological systems and biomaterials
3 Droplet-based manufacturing: rapid solidification, therm

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
11 Power processing

Concluding Remark
Finally, It must be stressed that fluids engineering research

impact on the growing and important field of materials process
only if significant effort is also directed at understanding the ba
mechanisms and processes that govern changes in the mater
is not enough to use available kinetics or information on mate
behavior to model the relevant fluid flow phenomena. One m
understand how the observed phenomena affect the material p
erties, structure and characteristics. This makes the study of
flow phenomena in materials processing challenging, interes
and useful.
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Nomenclature

b,bm ,B5 constants, Eqs.~20!, ~22!, and~23!
Bi 5 Biot number, Bi5hL/ks
cm 5 species concentration
C 5 specific heat

Cp 5 specific heat at constant pressure
ē 5 unit vector in the direction of gravitational force
E 5 activation energy

Ec 5 Eckert number, Eq.~35!
f 1 5 liquid mass fraction

F(t) 5 cumulative residence time function, Eq.~37!
F̄ 5 body force vector
g 5 magnitude of gravitational acceleration

Gr 5 Grashof number, Eq.~35!
h 5 convective heat transfer coefficient
H 5 enthalpy
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Ho 5 enthalpy at 0 K
ī 5 unit vector inx-direction
k 5 thermal conductivity
K 5 bulk viscosity, reaction rate

Kc 5 consistency index for non-Newtonian fluid, Eq.~19!
L 5 characteristic length

Lh 5 latent heat of fusion
ṁ 5 mass flow rate

Ma 5 Marangoni number
n 5 power-law fluid index
N 5 speed in revolutions/min~rpm!
p 5 local pressure

pa 5 hydrostatic pressure
pd 5 dynamic pressure due to fluid motion
Pr 5 Prandtl number, Eq.~35!
q 5 heat flux

qv 5 dimensionless volume flow rate in an extruder
Q̇ 5 volumetric source
R 5 universal gas constant, radius

Re 5 Reynolds number, Eq.~35!
Sr 5 Strouhal number, Eq.~35!

t 5 time
T 5 temperature

u,v,w 5 velocity components inx, y, andz directions, respec-
tively

U, US 5 speed of a moving solid or source
V̄ 5 velocity vector

We 5 Weber number
x̃ 5 position vector

x, y, z 5 coordinate distances
X,Y,Z 5 dimensionless coordinate distances

Greek Symbols

a 5 thermal diffusivity
b 5 coefficient of thermal expansion
ġ 5 strain rate
d 5 location of interface between solid and liquid
« 5 surface emissivity
l 5 second viscosity coefficient
m 5 dynamic viscosity of fluid
n 5 kinematic viscosity
F 5 viscous dissipation function
r 5 density
s 5 surface tension
u 5 dimensionless temperature
t 5 shear stress

Subscripts

a 5 ambient
b 5 barrel, wall
i 5 initial, inlet
l 5 liquid

m 5 melting point
o 5 reference
s 5 solid, surface
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