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Engineering
This paper reviews the active and growing field of thermal processing of materials,
a particular emphasis on the linking of basic research with engineering aspects. In o
to meet the challenges posed by new applications arising in electronics, telecommu
tions, aerospace, transportation, and other areas, extensive work has been done
development of new materials and processing techniques in recent years. Amon
materials that have seen intense interest and research activity over the last two de
are semiconductor and optical materials, composites, ceramics, biomaterials, adva
polymers, and specialized alloys. New processing techniques have been develo
improve product quality, reduce cost, and control material properties. However,
necessary to couple research efforts directed at the fundamental mechanisms that
materials processing with engineering issues that arise in the process, such as s
design and optimization, process feasibility, and selection of operating condition
achieve desired product characteristics. Many traditional and emerging materials
cessing applications involve thermal transport, which plays a critical role in the dete
nation of the quality and characteristics of the final product and in the operation, con
and design of the system. This review is directed at the heat and mass transfer phen
underlying a wide variety of materials processing operations, such as optical fiber m
facture, casting, thin film manufacture, and polymer processing, and at the engine
aspects that arise in actual practical systems. The review outlines the basic and ap
considerations in thermal materials processing, available solution techniques, and
effect of the transport on the process, the product and the system. The complexitie
are inherent in materials processing, such as large material property changes, co
cated and multiple regions, combined heat and mass transfer mechanisms, and co
boundary conditions, are discussed. The governing equations for typical processes,
with important parameters, common simplifications and specialized methods emplo
study these processes are outlined. The field of thermal materials processing is
extensive and only a few important techniques employed for materials processin
considered in detail. The effect of heat and mass transfer on the final product, the n
of the basic problems involved, solution strategies, and engineering issues involved
area are brought out. The current status and future trends are discussed, along
critical research needs in the area. The coupling between the research on the
aspects of materials processing and the engineering concerns in practical processe
systems is discussed in detail.@DOI: 10.1115/1.1621889#
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Introduction

Materials processing is one of the most important and ac
areas of research in heat transfer today. With growing inter
tional competition, it is has become crucial to improve the pres
processing techniques and the quality of the final product. N
materials and processing methods are needed to meet the gro
demand for special material properties in new and emerging
plications related to diverse fields such as environment, ene
bioengineering, transportation, communications, and compute
is also critical to use the fundamental understanding of mate
processing in the design and optimization of the relevant syste

Heat transfer is extremely important in a wide range of mat
als processing techniques such as crystal growing, casting,
fiber drawing, chemical vapor deposition, spray coating, sold
ing, welding, polymer extrusion, injection molding, and compo
ite materials fabrication. The flows that arise in the molten ma

Contributed by the Heat Transfer Division for publication in the JOURNAL OF
HEAT TRANSFER. Manuscript received by the Heat Transfer Division March 2
2003; revision received June 12, 2003. Editor: V. K. Dhir.
Copyright © 2Journal of Heat Transfer
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rial in crystal growing due to temperature and concentrat
differences, for instance, can affect the quality of the crystal a
thus, of the semiconductors fabricated from the crystal. Theref
it is important to understand these flows and develop method
minimize or control their effects. Similarly, the profile of th
neck-down region in an optical fiber drawing process is larg
governed by the viscous flow of molten glass, which is in tu
determined by the thermal field in the glass. The buoyancy-dri
flows generated in the liquid melt in casting processes stron
influence the microstructure of the casting and the shape, m
ment and other characteristics of the solid-liquid interface.
chemical vapor deposition, the heat and mass transfer proce
determine the deposition rate and uniformity, and thus the qua
of the thin film produced. The transport in furnaces and ove
used for heat treatment strongly influence the quality of
product.

As a consequence of the importance of heat and mass tra
in materials processing, extensive work is presently being direc
at this area. But what is often lacking is the link between the ba
mechanisms that govern diverse processing techniques and
thermal systems needed to achieve the given process. On the
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hand, considerable effort has been directed at specific manufa
ing systems, problems and circumstances in order to develop
products, reduce costs and optimize the process. Much of
effort has been based on expensive and time-consuming ex
mentation on practical systems. On the other hand, detailed
search has been carried out to extract the main underlying fea
of the processes, develop new solution methods to simulate c
plex transport circumstances that arise, and to obtain a much
ter understanding of the governing mechanisms. However, q
titative information on the dependence of product quality, proc
control and optimization on the thermal transport is often unav
able The coupling between practical engineering systems and
basic transport mechanisms is a very important aspect that sh
be considered, so that the current and future research on the
materials processing has a strong impact on the design, co
and optimization of the relevant thermal systems. For instance
understanding of the microscale mechanisms that determine
terial characteristics is important, but these must be linked w
the boundary conditions that are usually imposed at the mac
cale level in the system.

This review paper is directed at these important issues, focu
on the heat and mass transfer involved with materials proces
and linking these with the characteristics of the product and w
the system. However, it must be noted that the concerns, ques
and considerations presented in this paper are not unique to
field of materials processing. Other traditional and emerging a
like those concerned with safety, cooling of electronic syste
automobile and aircraft systems, space, and energy also inv
research on the basic transport processes and these need
linked with engineering issues.

Thermal Processing of Materials
Thermal processing of materials refers to manufacturing

material fabrication techniques that are strongly dependent on
thermal transport mechanisms. With the substantial growth in n
and advanced materials like composites, ceramics, different t
of polymers and glass, coatings, specialized alloys and semi
ductor materials, thermal processing has become particularly
portant since the properties and characteristics of the produc
well as the operation of the system, are largely determined by

Table 1 Different types of thermal materials processing opera-
tions, along with examples of common techniques

1. PROCESSES WITH PHASE CHANGE
casting, continuous casting, crystal growing, drying

2. HEAT TREATMENT
annealing, hardening, tempering, surface treatment,
curing, baking

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, processing o
nano-powders and ceramics

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, rapid prototyping
958 Õ Vol. 125, DECEMBER 2003
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transfer mechanisms. A few important materials processing te
niques in which heat transfer plays a very important role are lis
in Table 1.

This list contains both traditional processes and new or em
ing methods. In the former category, we can include weldi
metal forming, polymer extrusion, casting, heat treatment and d
ing. Similarly, in the latter category, we can include crystal gro
ing, chemical vapor deposition and other thin film manufactur
techniques, thermal sprays, fabrication of composite mater
processing of nano-powders to fabricate system components
tical fiber drawing and coating, microgravity materials processi
laser machining and reactive extrusion. The choice of an ap
priate material for a given application is an important consid
ation in the design and optimization of processes and systems@1#.

A few thermal materials processing systems are also sketc
in Fig. 1. These include the optical glass fiber drawing proces
which a specially fabricated glass preform is heated and dra
into a fiber, thin film fabrication by chemical vapor depositio
~CVD!, Czochralski crystal growing in which molten materi
such as silicon is allowed to solidify across an interface as a s
crystal is withdrawn, and screw extrusion in which materials su
as plastics are melted and forced through a die to obtain spe
dimensions and shape. In all these processes, the quality and
acteristics of the final product and the rate of fabrication
strong functions of the underlying thermal transport process
Many books and review articles have discussed important pra
cal considerations and the fundamental transport mechanism
the area of manufacturing and materials processing@2–8#.

Basic Research Versus Engineering
Research in thermal materials processing is largely directe

the basic processes and underlying mechanisms, physical u
standing, effects of different transport mechanisms and phys
parameters, general behavior and characteristics, and the the
process undergone by the material. It is usually a long-term eff
which leads to a better quantitative understanding of the proc
under consideration. However, it can also provide inputs, wh
can be used for design and development.

Engineering studies in materials processing, on the other h
are concerned with the design of the process and the rele
thermal system, optimization, product development, system c
trol, choice of operating conditions, improving product quali
reduction in costs, process feasibility, enhanced productivity,
peatability, and dependability.

Figure 2 shows a schematic of the different steps that are t
cally involved in the design and optimization of a system. T
iterative process to obtain an acceptable design by varying
design variables is indicated by the feedback loop connec
simulation, design evaluation and acceptable design. There
feedback between simulation and modeling as well, in orde
improve the model representation of the physical system on
basis of observed behavior and characteristics of the system
obtained from simulation. Optimization of the system is und
taken after acceptable designs have been obtained.

Some of the important considerations that arise when dea
with the thermal transport in the processing of materials are gi
in Table 2. All these considerations make the mathematical
numerical modeling of the process and the associated system
materials processing very involved and challenging. Special p
cedures and techniques are generally needed to satisfac
simulate the relevant boundary conditions and material prop
variations. The results from the simulation provide inputs for t
design and optimization of the relevant system, as well as for
choice of the appropriate operating conditions. Experimental te
niques and results are also closely linked with the mathema
modeling in order to simplify the experiments and obtain use
results in terms of important dimensionless parameters.

It is necessary for heat transfer researchers to thoroughly
derstand the concerns, intricacies and basic considerations
Transactions of the ASME



Fig. 1 Sketches of a few common manufacturing processes that involve thermal transport in the material being processed: „a…
optical fiber drawing; „b… chemical vapor deposition; „c… Czochralski crystal growing; and „d… plastic screw extrusion.
Journal of Heat Transfer DECEMBER 2003, Vol. 125 Õ 959
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Fig. 2 Various steps involved in the design and optimization of a thermal system and in the implementa-
tion of the design
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characterize materials processing in order to make a signifi
impact on the field and to play a leadership role. The depende
of the characteristics of the final product on the heat transfer m
be properly understood and characterized so that analysis o
perimentation can be used to design processes to achieve de
product characteristics and production rates.

Mathematical Modeling
Modeling is one of the most crucial elements in the design

optimization of thermal materials processing systems. Prac
processes and systems are generally very complicated and mu
simplified through idealizations and approximations to make
problem solvable. This process of simplifying a given problem
that it may be represented in terms of a system of equations
analysis, or a physical arrangement, for experimentation
termed modeling. Once a model is obtained, it is subjected
variety of operating conditions and design variations. If the mo
is a good representation of the actual system under considera
the outputs obtained from the model characterize the behavio
the given system. This information is used in the design proces

Table 2 Important considerations in thermal 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, phase change

6. MICRO-MACRO COUPLING
micro-structure changes, mechanisms operating a
different length 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 heat transfer and manufacturing system
l. 125, DECEMBER 2003
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well as in obtaining and comparing alternative designs by pred
ing the performance of each design, ultimately leading to an
timal design.

A mathematical model is one that represents the performa
and behavior of a given system in terms of mathematical eq
tions. These models are the most important ones in the desig
thermal systems, since they provide considerable flexibility a
versatility in obtaining quantitative results that are needed as
puts for design. Mathematical models form the basis for simu
tion, so that the behavior and characteristics of the system ma
investigated without actually fabricating a prototype. In additio
the simplifications and approximations that lead to a mathema
model also indicate the dominant variables in a problem. T
helps in developing efficient physical or experimental mode
Numerical models are based on the mathematical model and a
one to obtain, using a computer, quantitative results on the sys
behavior for different operating conditions and design paramet

Governing Equations

General Equations. The governing equations for convectiv
heat transfer in materials processing are derived from the b
conservation principles for mass, momentum and energy. F
pure viscous fluid, these equations may be written as

Dr

Dt
1r¹•V̄50 (1)

r
DV̄

Dt
5F̄1¹•t= (2)

rCp

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

rCp

DT

Dt
5

]T

]t
1V̄•¹T5¹•~k¹T!1Q̇ (4)

where the specific heats at constant pressure and at constan
ume are essentially the same for an incompressible fluid. If
solid is stationary, the convection term drops out and the part
derivative is replaced by the transient term]/]t, resulting in the
conduction equation. In a deforming solid, as in wire drawin
extrusion or fiber drawing, the material is treated as a fluid, w
an appropriate constitutive equation, and the additional terms
to pressure work and viscous heating are generally included

t

Transactions of the ASME
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the preceding equations, the material is taken as isotropic, with
properties, which are taken as variable, assumed to be the sa
all directions. For certain materials, such as composites,
nonisotropic behavior must be taken into account.

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 relationsh
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 important in many
manufacturing processes, such as crystal growing and ca
where it gives rise to the thermal or solutal buoyancy term. T
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 pressure pa. Therefore,pd is the component due to
fluid motion, as discussed by Jaluria@9# and Gebhart et al.@10#.
Boussinesq approximations, that neglect the effect of the den
variation in the continuity equation and assume a linear varia
of density with temperature, are employed here. However
many practical cases, these approximations can not be used
governing equations are coupled because of the buoyancy ter
Eq. ~6! and must be solved simultaneously@11#.

Viscous Dissipation. The viscous dissipation termmF in Eq.
~3! represents the irreversible part of the energy transfer due to
shear stress. Therefore, viscous dissipation gives rise to a the
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, s
as glass, plastics and food, and at high speeds.

Processes With Phase Change.Many material processing
techniques, such as crystal growing, casting, and welding, inv
a phase change. Two main approaches have been used fo
numerical simulation of these problems. The first one treats
two phases as separate, with their own properties and charac
tics. The interface between the two phases must be determine
that conservation principles may be applied there@7,12#. This be-
comes fairly involved since the interface location and shape m
be determined for each time step or iteration.

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
o (9)
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Ci being the corresponding specific heat andHi
0 the enthalpy at

0K. Then, the solid and liquid enthalpies are given by, resp
tively,

Hs5CsT Hl5ClT1@~Cs2Cl !Tm1Lh# (10)

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

H5Hs1 f l~Hl2Hs! k5ks1 f l~kl2ks! (11)

where f l is the liquid mass fraction, obtained from equilibrium
thermodynamic considerations. The dynamic viscositym is ex-
pressed as the harmonic mean of the phase viscosities, emplo
the limit ms→`, i.e., m5m l / f l . 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@13–15#. In addition, im-
pure materials, mixtures and alloys can be treated very easily
this 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. Chemical reactions occurring in chemically reac
materials substantially alter the structure and characteristics o
product@16,17#.

A simple approach to model the chemical conversion proces
reactive materials, such as food, is based on the governing e
tion for chemical conversion, given as@18#

d

dt
@~12X̃!#52K~12X̃!m (12)

whereX̃ is the degree of conversion, defined as,

X̃5
Mi2Mt

Mi2M f
(13)

hereM is the amount of unconverted material, with subscriptsi, f,
and t referring to the amounts at the initial condition, final cond
tion and at timet. The order of the reaction ism and K is the
reaction rate, these generally being determined experiment
Similarly, chemical kinetics play a critical role in the deposition
material from the gas phase in chemical vapor deposition syst
@19,20#.

Idealizations and Simplifications
In order to develop an appropriate mathematical model fo

given materials processing system, several idealizations and
plifications are made to make the problem amenable to an ana
cal or numerical solution. A general procedure, which includ
considerations of transient versus steady-state transport, nu
of spatial dimensions needed, neglecting of relatively small
fects, idealizations such as isothermal or uniform heat flux con
tions, and characterization of material properties, may be ado
to obtain the usual simplifications in analysis@1#.

Boundary Conditions. Many of the boundary and initial con
ditions used in materials processing are the usual no-slip co
tions for velocity and the appropriate thermal or mass trans
conditions at the boundaries. Similarly, the normal gradients
taken as zero at an axis or plane of symmetry, temperature
heat flux continuity is maintained in going from one homogeneo
region to another, and initial conditions are often taken as z
flow at the ambient temperature, representing the situation be
the onset of the process. For periodic processes, the initial co
tions are arbitrary.
DECEMBER 2003, Vol. 125 Õ 961
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At a free surface, the shear stress is often specified as z
yielding a Neumann condition of the form]V̄/]n50, if negligible
shear is applied on the surface. In general, a balance of al
forces acting at the surface is used to obtain the interface
considered in detail by Roy Choudhury et al.@21# and as pre-
sented later, the free surface may be determined numericall
iterating from an initial profile and using the imbalance of t
forces for correcting the profile at intermediate steps, finally yie
ing a converged profile. In a stationary ambient medium, far fr
the solid boundaries, the velocity and temperature may be g
as V̄→0, T→Ta as n→`. However, frequently the condition
]V̄/]n→0 is used, instead, in order to allow for entrainment in
the flow. The use of this gradient, or Neumann, condition gen
ally allows the use of a much smaller computational domain, t
that needed for a given value, or Dirichlet condition, imposed
the velocityV̄ @22#.

If a change of phase occurs at the boundary, the energy
sorbed or released due to the change of phase must be take
account. Thus, the boundary conditions at the moving interf
between the two phases must be given if a two-zone mode
being used. This is not needed in the enthalpy model mentio
earlier. For one-dimensional solidification, this boundary con
tion is given by the equation

ks

]Ts

]y
2 kl

]Tl

]y
5rLh

dd

dt
(14)

wherey5d is the location of the interface. This implies that th
energy released due to solidification is conveyed by conductio
the two regions. Similarly, the boundary condition may be writt
for two or three-dimensional solidification@12#. For a stationary
interface, as in crystal growing shown in Fig. 1~c! and for con-
tinuous casting, the appropriate boundary condition has b
given by Siegel@23#.

Other Simplifications. In the case of material flow in a mov
ing cylindrical rod or a plate for extrusion or hot rolling, th
temperature T is a function of time and location if a Lagrang
approach is used to follow a material element. However, by p
ing the coordinate system outside the moving material, a ste

Fig. 3 Screw channel and simplified computational domain for
a single-screw extruder
962 Õ Vol. 125, DECEMBER 2003
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problem is obtained if the edge of the rod is far from the inlet a
if the boundary conditions are steady. Transient problems arise
small lengths of the rod at short times following the onset of
process, and for boundary conditions varying with time@24#.
Similarly, coordinate transformations are employed to conv
transient problems to steady state ones in other circumstance

In the case of a single-screw extruder, shown in Fig. 3,
coordinate system is generally fixed to the rotating screw and
channel straightened out mathematically, ignoring the effects
curvature. Then the complicated flow in the extruder is repla
by a simpler pressure and shear driven channel flow, with sh
arising due to the barrel moving at the pitch angle over a stat
ary screw.

The basic nature of the underlying physical processes and
simplifications that may be obtained under various circumstan
can be best understood in terms of dimensionless variables
arise when the governing equations and the boundary condit
are nondimensionalized. The commonly encountered govern
dimensionless parameters are the Strouhal number Sr, the
nolds number Re, the Grashof number Gr, the Prandtl numbe
and the Eckert number Ec. These are defined as

Sr5
L

Vctc
, Re5

VcL

n
, Gr5

gb~Ts2Ta!L3

n2 , Pr5
n

a
,

Ec5
Vc

2

Cp~Ts2Ta!
(15)

whereVc is a characteristic speed,L a characteristic dimension
and tc a characteristic time. The dimensionless equations may
used to determine the various regimes over which certain sim
fications can be made, such as creeping flow at small Re
boundary layer at large Re.

Material Considerations

Variable Properties. The properties of the material undergo
ing thermal processing are very important in the modeling of
process, in the interpretation of experimental results and in
determination of the characteristics of the final product. T
ranges of pressure, concentration and temperature are us
large enough to make it necessary to consider material prop
variations. Usually, the dependence of the properties on temp
ture T is the most important effect. This leads to nonlinearity
the governing equations and couples the flow with the ene
transport. Thus the solution of the equations and the interpreta
of experimental results become more involved than for cons
property circumstances. Average constant property values at
ferent reference conditions are frequently employed to simp
the solution@25,26#. However, most manufacturing processes
quire the solution of the full variable-property problem for acc
rate predictions of the resulting transport.

The variation of dynamic viscositym requires special consider
ation for materials such as plastics, polymers, food materials,
eral oils and rubber, that are of interest in a variety of manuf
turing processes. Most of these materials are non-Newtonia
behavior, implying that the shear stress is not proportional to
shear rate. Thus, the viscositym is a function of the shear rate and
therefore, of the velocity field. The viscosity is independent of
shear rate for Newtonian fluids like air and water, but increase
decreases with the shear rate for shear thickening or thinning
ids, respectively. These are viscoinelastic~purely viscous! fluids,
which may be time-independent or time-dependent, the shear
being a function of both the magnitude and the duration of sh
in the latter case.

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
Transactions of the ASME
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For instance, time-independent viscoinelastic fluids withou
yield stress are often represented by the power-law model, g
by @27#

tyx5KcUdu

dyU
n21 du

dy
(16)

where Kc is the consistency index, andn the power law fluid
index. Note thatn51 represents a Newtonian fluid. Forn,1, the
behavior is pseudoplastic~shear thinning! and forn.1, it is dila-
tant ~shear thickening!. Then the viscosity variation may be writ
ten as@27#

m5moS ġ

ġo
D n21

e2b~T2To! (17)

where

ġ5F S ]u

]yD 2

1S ]w

]y D 2G1/2

, with tyx5m
]u

]y
, tyz5m

]w

]y
(18)

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 subscripto
denotes reference conditions andb is the temperature coefficien
of viscosity. For food materials, the viscosity is also a stro
function of the moisture concentrationcm . In addition, chemical
changes, that typically occur at the microscale level in the m
rial, affect the viscosity and other properties. Other models,
sides the power-law model, are also employed to represent di
ent materials@27–29#.

Glass is another very important material. It is a supercoo
liquid at room temperature. The viscosity varies almost expon
tially with temperature. Even a change of a few degrees in te
perature in the vicinity of the softening point,Tm , which is
around 1600°C for fused silica, can cause substantial chang
viscosity and thus in the flow field and the transport@30#. An
equation based on the curve fit of available data for kinem
viscosityn is written for silica, in S.I. units, as

n54545.45 expF32S Tm

T
21D G (19)

indicating the strong, exponential, variation ofn with temperature.
The heat transfer is further complicated by the fact that glass
participating medium for thermal radiation. The absorption co
ficient is a strong function of the wavelengthl and the radiation is
absorbed and emitted over the volume of the material. A two-b
spectral absorption model has been used extensively for stud
the thermal transport in the neck-down region of a furnace-dra
optical fiber@31,32#.

There are several other important considerations related to
terial properties, such as constraints on the temperature lev
the material, as well as on the spatial and temporal gradients
instance in the manufacturing of plastic-insulated wires@33#.
Similarly, constraints arise due to thermal stresses in the mat
and are particularly critical for brittle materials such as glass
ceramics.

Link Between Transport Processes and Material Character-
istics. Numerical and experimental investigation can lead to
prediction of the thermal history of the material as it undergoe
given thermal process. Similarly, the pressure, stress, mass t
fer, and chemical reactions can be determined. The next and
ticularly critical step is to determine the changes in the struct
or composition of the material as it goes through the system.
this requires a detailed information on material behavior and h
structural or chemical changes occur in the material as a co
quence of the temperature, pressure and other conditions to w
it is subjected.
Journal of Heat Transfer
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Nano, Micro, and Macro-Scale Coupling.The characteristics
and quality of the material being processed are generally de
mined by the transport processes occurring at the micro or na
meter scale in the material, for instance at the solid-liquid int
face in casting, over molecules involved in a chemical reaction
chemical vapor deposition and reactive extrusion, or at sites wh
defects are formed in an optical fiber. However, engineering
pects are generally concerned with the macroscale, involv
practical dimensions, typical physical geometries and appropr
boundaries. It is crucial to link the two approaches so that
appropriate boundary conditions for a desired micro or na
structure can be imposed in a physically realistic system. A c
siderable interest exists today in this aspect of materials proc
ing. For instance, interest lies in understanding microsco
phenomena associated with solidification and intense curren
search work has been directed at this problem. The solidifica
front can be divided into various morphological forms such
planar, cellular and dendritic. Various models have been propo
and studied@34#.

Similarly, detailed experimental work on the chemical conv
sion of starches has been carried out@18#. The order of the reac-
tion m in Eq.~12! has been shown to be zero for starches and
rate of the reactionK given as a combination of thermal~T! and
shear~S! driven conversion as

K5KT1KS (20)

where

KT5KTo exp~2ET /RT! KS5KSoexp~2ES /th! (21)

Here,t is the shear stress, andh is a constant, which is obtaine
experimentally for the material, along with other constants in
equation. A simple approximation may be applied to model
degree of conversion defined in Eq.~13!, as given by@35#

w
dX̃

dz
5K (22)

Here, w is the velocity in the down-channel direction z in
extruder. Thus, numerical results on conversion in the channe
obtained by integrating this equation.

Another area in which the changes at the molecular level
considered is that of generation of defects in optical fiber drawi
The differential equation for the time dependence of theE8 defect
concentration was formulated by Hanafusa et al.@36# based on the
theory of the thermodynamics of lattice vacancies in crystals
was assumed that theE8 defects are generated through breaki
of the Si-O band, and, at the same time, some of the def
recombine to form Si-O again. If the concentration and activat
energy of theE8 defects are represented bynd andEd , and those
of the precursors bynp andEp , the differential equation is given
by

dnd

dt
5npn* expS 2

Ep

k̃TD 2ndn* expS 2
Ed

k̃TD (23)

where, n* is the frequency factor for this reaction, andk̃ the
Boltzmann constant. The first term on the right hand side of t
equation expresses the generation of the defects while the se
term expresses the recombination. Thus the distribution of th
defects in the fiber may be calculated@37#.

Inverse Problems. Material behavior can often be employe
to determine the thermal cycle that a given material must unde
in order to achieve desired characteristics. Metallurgical consi
ations for steel, for instance, indicate the thermal process nee
for annealing, which is an important process employed for reli
ing the stresses in the material and restoring the ductility. T
thermal processing involves heating of the material to the ann
ing temperature of around 723°C for common sheet steel, m
taining the temperature at this value for a given time, known
DECEMBER 2003, Vol. 125 Õ 963
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soaking period, so that this temperature level is attained ev
where in the material and the internal stresses are relieved, in
slow cooling to allow the microstructure to settle down, and fin
rapid cooling to reduce total time@38#.

Since our interest lies in determining the conditions that wo
yield the desired temperature variation in the material, this is
inverse problem. Analysis only yields the outputs on system
havior for given inputs, rather than solve the inverse problem
yielding the inputs needed for a desired behavior. This latter p
lem is fairly difficult and has to be solved in order to select t
design variables. The solution is not unique and efforts have to
made to narrow the domain over which design parameters
operating conditions are to be chosen. Iteration is generally n
essary to obtain a satisfactory design. Optimization strategies
be used to obtain an essentially unique solution@39#.

Solution Techniques and Simulation

Analytical. Due to the complexity of the governing equatio
and the boundary conditions, analytical methods can be use
very few practical circumstances and numerical approaches
generally needed to obtain the solution. However, analytical s
tions are very valuable since they provide results that can be
for validating the numerical model, physical insight into the ba
mechanisms and expected trends, and results for limiting
asymptotic conditions.

Consider, for example, the complex flow in a screw extruder
shown in Fig. 1~d!. This flow can be simplified and transformed
a shear and pressure driven flow in a channel, as discussed e
and as shown in Fig. 3. If a fully developed flow, for which th
velocity field remains unchanged downstream, is assumed,
lytical solutions can be obtained for Newtonian fluids. If the pre
sure gradient is zero, the velocity profile is linear and the dim
sionless flow rate, or throughput, qv, which is the flow rate
divided by the product of wall speed and cross-sectional are
simply 0.5. For a favorable pressure gradient, i.e., pressure
creasing downstream, the throughput exceeds 0.5 and for an
verse pressure gradient it is smaller than 0.5. Similarly, for fu
developed flow in a die, the relationship between the press
dropDp, across a cylindrical region of lengthL and radiusR, and
the mass flow rateṁ was obtained by Kwon et al.@40# for a
power-law non-Newtonian fluid as

Dp5
2L

R
Ĉ~T!F3n11

4n

4ṁ

rpR3G n

(24)

wherem5Ĉ~T)(ġ)12n and Ĉ~T) is a temperature dependent c
efficient. This expression can be used for several common
and it also applies for relatively long cylindrical regions in pra
tical dies@41#.

Numerical. The numerical solution of the governing equ
tions is based on the extensive literature on computational
transfer @11,42#, with the most commonly employed techniqu
being the SIMPLER algorithm, given by Patankar@43#, and the
several variations of this approach. This method employs the fi
volume formulation with a staggered grid and solves for
primitive variables, such as velocity, pressure, concentration
temperature. For two-dimensional and axisymmetric proble
the governing equations are often cast in terms of the vorticity
streamfunction by eliminating the pressure from the two com
nents of the momentum equation and by defining a streamfunc
to take care of the continuity equation@11#. This reduces the num
ber of equations by one and eliminates pressure as a vari
though it can be calculated after the solution is obtained. T
approach is generally advantageous, as compared to the prim
variable approach, for two-dimensional and axisymmetric flo
The latter approach is more appropriate for three-dimensio
circumstances.
964 Õ Vol. 125, DECEMBER 2003
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In materials processing, both transient and steady-state s
tions are of interest, depending on the process under cons
ation. In the former case, time marching is used with converge
at each time step to obtain the time-dependent variation of
transport. For steady problems also, time marching may be use
obtain steady-state results at large time. The problem can als
solved by iteration or by using false transients, with large tim
steps. Though central differences are desirable for all the appr
mations, numerical instability with the convection terms is oft
avoided by the use of upwind, exponential or power-law diff
encing schemes@43#. Because of the inaccuracy due to false d
fusion, second-order upwind differencing and third-order QUIC
schemes have become quite popular for discretizing the con
tion terms@44#. Under-relaxation is generally needed for conve
gence due to the strong nonlinearities that arise in these equa
mainly due to property variations. Finite element and bound
element methods have also been used advantageously to sim
these systems.

Experimental. Experimental work is particularly importan
in a study of thermal processing of materials. This is needed
enhancing the basic understanding of the underlying transport
cesses, providing physical insight that can be used in the de
opment of mathematical and numerical models, determining
portant aspects and variables, providing results for validation
mathematical and numerical models, and yielding quantitative
sults that can be used to characterize processes and compone
the absence of accurate and dependable models. There are
complex transport processes where experimental results
needed to guide the development of the model and also gen
quantitative data that can be used as empirical inputs if accu
modeling is not possible. Many important techniques have b
developed in recent years on the measurement of flow, temp
ture and concentration distributions in a given system, and
being used in a variety of materials processing applications.

Typical Results From Numerical Simulation
The numerical results obtained for a few important proces

are presented here to illustrate the basic characteristics of the
processing of materials and some of the relevant considerati
Even though extensive results have been obtained in various s
ies, only a few typical results are presented.

Polymer Extrusion. This is an important manufacturing pro
cess, which has been mentioned earlier and is sketched in
1~d! and 3. Interest lies in the control and prediction of the h
transfer and flow in order to predict, improve and modify physic
and chemical changes undergone by the material as it mo
down the extruder channel. Figure 4 shows typical computed
locity and temperature fields in an extruder channel for a sing
screw extruder. Large temperature differences arise across
channel height because of the relatively small thermal conduc
ity of plastics. There is little bulk mixing, due to the high visco
ity, which is typically more than a million times that of water a
room temperature. Reverse screw elements, sudden changes
screw configuration and other such sharp changes in the cha
are often used to disrupt the well-layered flow and promote m
ing. The extruded material temperature rises beyond the impo
barrel temperature due to viscous dissipation. Additional res
and trends are presented in several papers@27,28#.

The residence time distribution~RTD! is an important consid-
eration in the extrusion process. The residence time is the am
of time spent by a fluid particle in the extruder from the inlet
the die. An excessive residence time can lead to over-proces
or degradation. Similarly, a short residence time can resul
under-processing. The final product is, therefore, strongly affec
by the residence time distribution since structural changes du
thermal processing and chemical reactions are usually ti
dependent. The RTD is a function of the flow field and can
numerically simulated by particle tracking. Several results
Transactions of the ASME



Jou
Fig. 4 Calculated velocity and temperature fields in the channel of a single screw extruder at nÄ0.5 and dimension-
less throughput q vÄ0.3, for typical operating conditions
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given in the literature on RTD for different extruders@17,28,45#. It
is experimentally obtained by releasing a fixed amount of co
dye or tracer in the material at the inlet or hopper and measu
the flow rate of the dye material as it emerges from the extrude
the other end.

More recently, the use of twin-screw extruders for the proce
ing of polymeric materials has increased substantially. The m
advantages of twin-screw extruders, over single-screw extrud
are better stability, control and mixing characteristics. In tw
screw extruders, two screws are positioned adjacent to each
in a barrel casing whose cross section is in a figure of eight
tern, see Fig. 5. Twin-screw extruders are of many types, such
intermeshing, non-intermeshing, co-rotating, counter-rotating
name a few.

The flow domain of a twin-screw extruder is a complicated o
and the simulation of the entire region is very involved@46#. A
major simplification in the numerical simulation is obtained
dividing the flow into two regions: the translation, or T regio
and the mixing, or M region, as sketched in Fig. 5. This figu
schematically shows sections taken normal to the screw axe
tangential twin screw extruders. Due to geometric similarity,
flow in the translation region is analyzed in a manner identica
that for a single screw extruder. The intermeshing, or mixi
rnal of Heat Transfer
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region is represented by the geometrically complex portion of
extruder between the two screws. A hypothetical boundary is u
to numerically separate the two regions@47#. The finite-element
method is particularly well suited for the modeling of the compl
domain in a twin-screw extruder. Figure 6 shows the finite e
ment mesh used and some typical results on the transport in
mixing or nip region of the extruder. Large gradients arise
pressure, velocity and shear rate in the nip region, resulting
substantial fluid mixing, unlike the small recirculation in singl
screw extruders. Similarly, other approximations and results
twin-screw extruders have been presented in the literature@48#.

Optical Fiber Drawing. The optical fiber drawing proces
has become critical for advancements in telecommunications
networking. In this process, as sketched in Fig. 1~a!, a cylindrical
rod, which is known as a preform and which is specially fab
cated to obtain a desired refractive index variation, is heated
furnace and drawn into a fiber. Its diameter changes substant
from 2–10 cm to around 125mm in a distance of only a few
centimeters. The radiative transport within the glass, which i
participating medium, is determined using the optically thick m
dium approximation or improved models such as the zo
method@49#. Interest lies in obtaining high quality optical fiber
DECEMBER 2003, Vol. 125 Õ 965
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as indicated by low concentration of process-induced defects
ameter uniformity, desired refractive index variation, low tensio
strength, and other important measures, at high draw speeds

Typical computed results in the neck-down region, for a spe
fied profile, are shown in Fig. 7 in terms of the streamfunctio
vorticity, viscous dissipation and temperature contours. The fl
is seen to be smooth and well layered because of the high vis
ity. Typical temperature differences of 50–100°C arise across
fiber for preform diameters of around 2.0 cm. Larger temperat
differences arise for larger preform diameters@37#. Viscous dissi-
pation, though relatively small, is mainly concentrated near

Fig. 5 Schematic diagram of the cross-section of a tangential
twin screw extruder, showing the translation „T… and inter-
meshing, or mixing „M…, regions

Fig. 6 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,
barrel temperature, TbÄ320°C, inlet temperature, TiÄ220°C,
NÄ60 rpm, q vÄ0.3
966 Õ Vol. 125, DECEMBER 2003
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end of the neck-down, in the small diameter region, and plays
important role in maintaining the temperatures above the sof
ing point @30#.

The determination of the neck-down profile of the glass p
form as it is drawn into a fiber is a particularly difficult problem
Relatively simple models had been employed in the past to st
the flow in this region@50#. More recently, a combined analytica
and numerical approach, based on the transport processes an
surface force balance, was developed for the calculation of
neck-down profile@21#. Axisymmetric, laminar flows were as
sumed in the glass and in the circulating inert gases. A correc
scheme was obtained for the neck-down profile using the radi
lumped axial velocity, the normal force balance and the verti
momentum equations. The profile was then determined num
cally by iterating from an initial profile and using this scheme f
correcting the profile at intermediate steps, finally yielding a co
verged profile.

A typical example of the numerical generation of neck-dow
profile with a cosinusoidal starting profile is shown in Fig. 8~a!. It
is seen that, for the first few iterations, the neck-down profile
quite unrealistic, with a flat region and an abrupt change in rad
near the end of neck down. But after a few iterations, the sh
becomes quite smooth and monotonically decreasing, eventu
reaching a steady, converged, profile, as indicated by the inv
ance of the profile with further iterations. For convergent cas
perturbations to the initial profile and different starting shapes l
to the converged neck-down profile, as seen in Fig. 8~b!, indicat-
ing the robustness of the numerical scheme and the stability o
drawing process. The force balance conditions were also clo
satisfied if convergence was achieved. However, converge
does not occur in every case, leading to infeasible drawing c
ditions, as discussed later. It was found that viscous and gra
tional forces are the dominant mechanisms in the determinatio
the profile. Surface tension effects are small. The external s
and inertial effects are small, as expected. Later papers obta
the profile at higher draw speeds and for larger preform diame
@37,51#.

There are several other processes involved in a typical op
fiber manufacturing process, as shown in Fig. 1~a!. The fiber is
cooled as it moves away from the furnace and is then coated
a jacketing material for protection against abrasion, to red
stress induced microbending losses, and for increased stre
The temperature of the fiber entering the coating section is lim
by the properties of the coating material used, being around 15
for commonly used curable acrylates. The wet coating is th
cured by ultra-violet radiation as it passes through the cur
station@52–55#.

Casting. Casting is an important manufacturing proces
which involves solidification and melting@15#. The buoyancy-
driven flow due to temperature and concentration difference
the liquid or melt region is coupled with the conduction in th
solid. For casting in an enclosed region, the interface between
liquid and the solid moves away from the cooled walls for soli
fication till the entire material is solidified. However, the tim
dependent location of this interface is not known and must
obtained from the solution. A coordinate transformation, such
the Landau transformation, may be employed to simplify the co
putational domains@12,14#. In continuous casting and crysta
growing, as shown in Fig. 1~c!, the interface between the solid an
the liquid is essentially stationary, but it is not known a priori a
an iterative procedure may be adopted to determine its shape
location. Transformations and body fitted coordinates may be
ployed to approximate the irregular shaped computational
mains. If the enthalpy model is employed, the entire region
treated as one, considerably simplifying the computational pro
dure @14,56#. From an engineering standpoint, interest lies in o
taining high quality castings, with few voids and defects, go
grain structure and low stresses, at high production rates.

The coupled conduction in the walls of the mold is an importa
Transactions of the ASME



Fig. 7 Calculated „a… streamfunction, „b… vorticity, „c… viscous dissipation, and „d… temperature contours in the optical fiber
drawing process for typical drawing conditions
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consideration in these problems. The effect of the imposed co
tions at the outer surface of the mold on the solidification proc
can be obtained by solving this conjugate problem, which yie
the temperature distribution in the mold as well as that in the s
and the liquid. Banaszek et al.@57# carried out numerical simula
tions and appropriately designed experiments to demonstrate
importance of conduction in the wall, as shown in Fig. 9. Su
numerical and experimental studies can be used to determin
movement of the solidification front with time and thus monit
the generation of voids and other defects in the casting. Exp
mental studies have been relatively few because of the comple
of the process. Detailed accurate experimental results are ne
to critically evaluate the various models employed for simulat
as well as to provide information on the characteristics of
interface for the development of microscale models.

Recent work on this problem has led to a much better und
standing of the solidification process than before. The buoyan
induced flow affects the heat and mass transfer processes, w
in turn influence the characteristics of the melt-solid interface
the rate of melting/solidification. The transport also affects
quality of the product because of undesirable oscillations, gen
tion of voids, and distribution of impurities. There has been
growing interest in the solidification of mixtures, particularly a
loys, and polymers@58#.

Continuous Processing. Continuously moving materials un
dergoing thermal processing are frequently encountered in m
facturing processes like hot rolling, wire drawing and extrusion
the location of the moving surface is known, the continuo
movement of the edge may be replaced by discrete steps an
numerical modeling carried out until results are obtained ove
Journal of Heat Transfer
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specified time or until the steady-state circumstance is obta
@22#. The corresponding initial and boundary conditions are o
tained as:

t50: L~ t !50 t.0: at x50, T5To ;

at x5L~ t !, 2k
]T

]x
5hL~T2Ta! (25)

wherehL is the heat transfer coefficient at the edge of the mov
rod. The problem may be solved analytically@24# or numerically,
the latter approach being more appropriate for two and thr
dimensional problems and for practical circumstances. The len
of the rodL increases with time and the temperature at the e
decreases. At large time for steady ambient conditions, a ste
temperature distribution arises over the rod and the temperatu
the moving end reaches the ambient temperature.

In most practical circumstances, conjugate conditions aris
the surface and the convective transport in the fluid must
solved in conjunction with conduction in the moving solid. Th
region close to the point of emergence of the material usually
large axial gradients and requires the solution of the full eq
tions. However, far downstream, the axial diffusion terms a
small and boundary layer approximations may be made. Inte
lies in controlling the local processing of the material in order
obtain uniformity, desired product characteristics and h
productivity.

Figure 10 shows the typical calculated streamlines for a
plate moving in a quiescent medium. The ambient fluid is dra
toward the moving surface because of large pressure grad
directed towards the origin. This effect decays downstream
DECEMBER 2003, Vol. 125 Õ 967
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Fig. 8 „a… Iterative convergence of the neck-down profile in
optical fiber drawing; „b… results for different starting profiles.
Here, r *Är ÕR and z*ÄzÕL , where R is the preform radius, and
L the furnace length.
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the flow approaches the characteristics of a boundary-layer fl
The boundary-layer thickness increases in the direction of mot
If buoyancy effects due to the temperature differences are
cluded, the maximum velocity in the flow is larger than the pla
speedUs , for an upward moving heated plate, as shown in
figure. This flow increases the heat transfer from the plate. S
larly, other orientations, the time-dependent flow at the init
stages of the process, and other important aspects have
investigated.

Chemical Vapor Deposition. Chemical vapor deposition in
volves the deposition of thin films from a gas phase on to a s
substrate by means of a chemical reaction that takes place du
the deposition process. The activation energy needed for
chemical reactions is provided by an external heat source, see
1~b!. The products of the reactions form a solid crystalline or
amorphous layer on the substrate. This technique has bec
quite important in materials processing and is used in a w
range of applications. The quality of the deposited film is char
terized in terms of its purity, composition, thickness, adhesi
surface morphology and crystalline structure. The level of qua
needed depends on the application, with electronic and op
materials imposing the most stringent demands. Much of the
tial effort on this problem was directed at silicon deposition b
cause of its importance in the semiconductor industry. Howe
recent efforts have been directed at the deposition of mate
such as titanium nitride, silicon carbide, diamond, and metals
titanium, tungsten, aluminum, and copper.

Many different types of CVD reactors have been developed
applied for different applications. The quality, uniformity, and ra
of deposition are dependent on the heat and mass transfer, an
the chemical reactions that are themselves strongly influence
temperature and concentration levels@20,59#. The flow, heat trans-
fer and chemical reactions in CVD reactors have been inve
gated by several researchers@59,60#. Some typical results ob-
tained for silicon deposition are shown in Fig. 11, indicating
Fig. 9 Experimental and numerical results for water solidification driven by
convection and conduction
Transactions of the ASME
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comparison between numerical and experimental results f
@61#. A fairly good agreement is observed, given the uncertai
with material property data and with the chemical kinetics. T
two results from@60# refer to two different values of the diffusion
coefficient, the one labeled as the reference case employing
same values as those in@62#.

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 tempera
distribution at the surface depends on the transport processes
arise. An experimental and numerical study was carried out

Fig. 10 „a… Flow in the ambient fluid due to a continuously
moving material; „b… dimensionless velocity „u ÕUs… distribution
in the fluid due to a vertically moving heated plate with aiding
buoyancy effects
Journal of Heat Transfer
om
ty

he

the

tant
lied
ture
that
by

Chiu et al.@63# on the heat transfer in a horizontal channel with
finite heated region to approximate the susceptor. Figure 12 sh
the typical results obtained, indicating good agreement betw
the experimental and numerical results. The characteristics of
flow, ranging from steady laminar to oscillatory and turbule
flow, were investigated and linked to the film uniformity.

Additional Processes. Only a few thermal processing tech
niques have been presented in the preceding section. There
many other processes in which the thermal transport is of cru
importance and which have been of particular interest in rec
years. Among these are crystal growing, microgravity materi
processing and thermal sprays. The Czochralski method, show
Fig. 1~c!, has dominated the production of single crystals for m
croelectronics and has been the subject of considerable rese
interest over more than three decades@64,65#. Other crystal
growth techniques, including Bridgman crystal growing in whic
the furnace has an upper zone at temperature above the me
point and a lower zone at temperature below the melting po
have also been investigated@64#. Microgravity conditions are ob-
tained, for instance, in laboratories orbiting in space, where
processing of materials can be carried out with reduced effect
the terrestrial gravitational field. Gravity determines th
buoyancy-driven flows in the melt of a crystal growing syste
and thus affects the quality and characteristics of the crystal. Th
by controlling the gravitational force, the resulting transport pr
cesses and the final product can be improved@66#. Thermal sprays
may be used for the manufacture of near-net shape struct
materials. Sprays containing droplets of the desired deposi
material are directed at a specified substrate and the materi
deposited by rapid solidification. Due to the elimination of seve
traditional processing steps, the process is fast and rapid soli
cation eliminates macrosegregation, which weakens tradition
cast materials@67–69#. Superior properties, associated with fin
grained microstructures and non-equilibrium phases, are usu
obtained.

Validation
A very important consideration in modeling and simulation

that of validation of the models. This is particularly critical i
thermal materials processing because of lack of accurate mat
property data, combined mechanisms and other complexitie
the process. Validation of the models is based on a considera
of the physical behavior of the results obtained, elimination of t
effect of arbitrary parameters like grid and time step, and co

Fig. 11 Comparisons between the numerical results on pre-
dicted film growth rate and the experimental data of †61‡
DECEMBER 2003, Vol. 125 Õ 969
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Fig. 12 Comparison between experimental observations and numerical predictions of
streamlines at Re Ä9.48 and ReÄ29.7 for a ceramic susceptor
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parisons with available analytical results for simpler configu
tions, with numerical results in the literature, and with experim
tal results on the process and on a prototype, if available@70,71#.
A few examples are given here.

Polymer Extrusion. Measurements on the temperature a
velocity distributions in an extruder channel are very complica
because of the complex domain, rotating screw and gene
opaque nature of the typical materials. However, the overall c
acteristics of the extrusion process, in terms of pressure and
perature at the die, residence time distribution, total heat in
characteristics of the extrudate, total torque exerted on the sc
and flow rate, are available in the literature@16,27#. These can be
used to validate the main predictions of the models for the po
mer extrusion process. However, detailed temperature, velo
and pressure distributions are needed to determine the accu
validity and predictability of the local behavior. Esseghir and S
nas @72# have carried out innovative and well-designed expe
ments on single-screw extruders, using a cam-driven ther
couple which allowed the probe to travel in and out of the chan
in a synchronized motion linked to the screw rotation.

A few experimental results for Viscasil-300M, which is a no
Newtonian fluid, are shown in Fig. 13, along with numerical r
sults from two-dimensional finite volume and three-dimensio
finite element calculations@29,73#. The effect of fluid recircula-
tion in the screw channel is seen as the temperature near the s
root being closer to the barrel temperature, than that predicte
the two-dimensional model which does not consider this recir
lation. A three-dimensional model is thus needed to simulate
recirculation and the results are seen to be close to the experi
tal data. Similarly, an experimental study was carried out to inv
tigate the characteristics of the flow and the basic features of
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mixing process in the intermeshing, or mixing, region@74#. Ex-
perimentally and numerically obtained streamlines in the reg
between two rotating cylinders, approximating a twinscrew, w
obtained and a good agreement between the two was observ

Measurement of the velocity distribution in the channel is a
very involved because of the complex geometry and rotat
screws. Bakalis and Karwe@75# have carried out velocity mea
surements for heavy corn syrup, which is transparent. Employ
a plexiglas window, a two-component Laser Doppler Anemome
~LDA ! in the backscatter mode was used to measure the l
velocities in the extruder, as shown in Fig. 14~a!. The compli-
cated, three-dimensional, flow field was studied and a compar
of the tangential velocity distribution in the translation region w
the numerical predictions is shown in Fig. 14~b!. A fairly good
agreement is observed, lending support to the model. Simila
different velocity components were measured in the intermesh
region and compared with numerical predictions, yielding go
agreement.

Optical Fiber Drawing. Very little experimental work has
been done on the thermal transport in the optical fiber draw
process because of the high temperatures encountered, high
speeds, complex geometry, and difficult accessibility into the f
nace@39,50#. Paek and Runk@76# experimentally determined the
neck-down profile. Using the heat transfer coefficient values gi
by them and an appropriate parabolic furnace temperature d
bution to obtain the experimental conditions, the neck-down p
file was calculated in@21# and compared with the experiment
results, as shown in Fig. 15~a!. The analytical results obtained b
Paek et al.@77# showed that the draw tension plotted on
Transactions of the ASME
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Fig. 13 Comparisons between numerical and experimental results on temperature profiles for
Viscasil-300M, with „a… and „c… from the three-dimensional „FEM… model and „b… and „d… from the
two-dimensional „FDM… model. For „a… and „b…: TiÄ20.3°C, TbÄ12.2°C, NÄ20. For „c… and „d…:
TiÄ18.8°C, TbÄ22.3°C, NÄ35.
d

a

a
e

c

n

cess
with

n-
ate-
all

ions.
the
eat
the

sure
on-
ent

ted
ary
ed,
di-
nu-
r a

ign
be
logarithmic scale varies linearly with the inverse of the furna
temperature. A comparison between the computed results an
experimental data show good agreement, as seen in Fig. 15~b!.

Casting. Some numerical and experimental results we
shown earlier for solidification of water, indicating good qualit
tive agreement. A benchmark problem, in which melting in a re
angular enclosed region is initiated by step changes in the t
peratures at the left and right boundaries, the left being held
temperature higher than the melting point and the right at a t
perature lower than the melting point, has been used for valida
the models. Figure 16 shows the experimental results and co
sponding numerical predictions on the liquid-solid interface lo
tion, for melting of pure tin, using the enthalpy model@78,79#.
Though these results are found to agree quite well, further deta
comparisons are needed to improve existing models.

System Simulation
In the preceding sections, we have discussed modeling

simulation of various processes and components that are of i
est in the thermal processing of materials. However, there is
other very important aspect that must be considered and tha
lates to the numerical simulation of the overall thermal syste
Transfer
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which usually consists of several components, since the pro
undergone by the material results from the energy exchange
the various components of the system@1#.

Consider, for instance, a typical electrical furnace, which co
sists of the heater, walls, insulation, enclosed gases and the m
rial undergoing heat treatment. The transport mechanisms in
these components are coupled through the boundary condit
Thus, the heater exchanges thermal energy with the walls,
gases and the material. Similarly, the material undergoing h
treatment is in energy exchange with the heater, the walls and
gases. The gas flow is driven by an externally imposed pres
difference, such as that due to a fan, by moving materials in c
tinuous processing, and by buoyancy. Each individual compon
may first be mathematically modeled and numerically simula
as uncoupled from the others, by employing prescribed bound
conditions. Then, these individual simulations can be combin
employing the appropriate coupling through the boundary con
tions. This procedure provides a systematic approach to the
merical simulation of the system, which may be a simple one o
complicated practical one@38#. 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.
DECEMBER 2003, Vol. 125 Õ 971
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Process Feasibility
An important consideration in the design of a system for ma

rials processing is the feasibility of the process, since there
usually a fairly narrow domain of operating conditions in whic
the process is possible. Numerical simulation can play a sign
cant role on this aspect since it can guide the selection of ope
ing conditions and design parameters that can lead to succe
thermal processing. A few studies in polymer extrusion and o
cal fiber drawing are discussed here as examples.

Polymer Extrusion. The feasibility of the process is deter
mined largely by the flow and the pressure and temperature ris
the extruder. Using the modeling discussed earlier, the feas
domain for a self-wiping co-rotating twin-screw extruder is dete
mined for the extrusion of Amioca, which is pure starch, as sho
in Fig. 17. An upper limit is obtained for the mass flow rat
Beyond this limit, though the numerical scheme converges,
results are not physical acceptable. In actual practice, for a g
screw rotational speed, each turn of the screw can move a spe
maximum volume of material. Then the given mass flow rate c
not exceed this limit given by the shear-driven flow. For high
mass flow rates, it is necessary to impose a favorable pres
gradient to push the material down the channel. Therefore, a n
tive pressure gradient along the axial direction will occur in t
channel and that is not physically acceptable for an extruder@80#.
For a specific screw speed, the simulation code also diverges
mass flow rates lower than the critical points shown in the fig
because of flow instability and excessive pressures, tempera

Fig. 14 „a… Experimental arrangement for velocity measure-
ments in the flow of corn syrup in a twin-screw extruder; „b…
comparison between calculated and measured tangential ve-
locity Ux profiles for isothermal heavy corn syrup at 26.5°C,
with mass flow rate of 6 kg Õhr and screw speed of 30 rpm
972 Õ Vol. 125, DECEMBER 2003
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and residence times. These results and trends show good agr
ment with the observations on practical systems that also yield
domain in which a stable reactive extrusion process can be crea
@81#.

Optical Fiber Drawing. Using the mathematical and numeri-
cal models discussed earlier for optical fiber drawing, it has bee
shown that, for given fiber and preform diameters and for a give
draw speed, it is not possible to draw the fiber at any arbitrar
furnace wall temperature distribution@21,82,83#. If the furnace
temperature is not high enough, it is found that the fiber break
due to lack of material flow, a phenomenon that is known a
viscous rupture@84#. This is first indicated by the divergence of

Fig. 15 Comparison of the numerical predictions of „a… the
neck-down profile and „b… the draw tension with experimental
results from †76,77‡
Transactions of the ASME



Journal of Heat Transfe
Fig. 16 Comparison between measured and predicted interface locations dur-
ing „a… melting, and „b… solidification of pure tin from a vertical surface †78,79‡
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the numerical correction scheme for the profile and is then c
firmed by excessive tension in the fiber. Similarly, it is determin
that, for a given furnace temperature, there is a limit on the sp
beyond which drawing is not possible, as this leads to ruptu
Thus, as shown in Fig. 18~a!, a region in which drawing is fea-
sible can be identified. Beyond the boundaries of this regi

Fig. 17 Feasible domain for twin-screw extrusion of starch
r

on-
ed
eed
re.
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drawing is not possible. For the domain in which the drawi
process is feasible, the draw tension is calculated. The ‘‘i
tension’’ contours are shown in Fig. 18~b!. As expected, the draw
tension is small at higher temperatures and lower speeds, w
explains the positive slope of the iso-tension contours.

Similarly, different combinations of other physical and proce
variables, such as the inert gas flow velocity, furnace wall te
perature distribution, furnace length and diameter, and pref
and fiber diameters, may be considered to determine the feasib
of the process. Figure 18~c! shows the results when the furnac
length and temperature are considered as the two main pa
eters. Again, the feasibility of the process is largely determined
viscous rupture, which is a direct result of high draw tension. I
seen that either a higher draw temperature or a longer resid
time in the furnace, as regulated by its length, is needed to m
fiber drawing possible at higher draw speeds. Using such res
the parameters in a fiber drawing system can be chosen to dr
fiber of desired diameter.

Additional Engineering Aspects
Several important considerations in the design and operatio

practical thermal materials processing systems were discusse
the preceding sections. These included issues like rate of fab
tion, quality of the product, and feasibility of the process. Ho
ever, there are obviously many other aspects that need to be
sidered in the design and optimization of the system and for
selection of the operating conditions. Some of these are outli
here.

An important consideration in polymer extrusion is the mixin
inside the screw channel since it determines the homogeneit
the processed material. The downstream motion of material
ticles may be considered for a better understanding of the mix
process. Similarly, the distributive mixing inside the channel m
be considered in terms of mixing between two different types
materials, with each initially occupying one half of the chann
Several other measures of mixing have been considered in
literature. Substantial work has also been done on mixing in tw
screw extruders, including the use of chaos introduced by chan
in the geometry and the boundary conditions@85#. Similarly, melt-
ing and solidification of the material, leakage across screw flig
instability in the flow, unfilled screw channels, and conjuga
transport due to conduction in the barrel are other important
gineering issues in polymer extrusion. Transient effects are
important, both for the start-up of the process and for change
the operating conditions.
DECEMBER 2003, Vol. 125 Õ 973
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Fig. 18 Results obtained from a feasibility study of the optical
fiber drawing process: „a… different cases studied, showing
both feasible and infeasible combinations of parameters; „b…
‘‘iso-tension’’ contours for the feasible range of fiber drawing;
„c… feasible domain at a draw speed of 15 m Õs in terms of fur-
nace length and temperature
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Similarly, in other thermal materials processing systems, imp
tant aspects that are particularly relevant to the process u
consideration arise and must be taken into account by the sim
tion and experimentation in order to provide the appropriate
puts for system design and optimization. These relate to engin
ing issues like durability, maintenance, availability of differe
materials and components, and the convenience and prac
range of operating conditions.

Optimization
We have so far largely considered workable or acceptable

sign of a system. Such a design satisfies the requirements fo
given application, without violating any imposed constrain
However, the design would generally not be the best or optim
design, as judged on the basis of cost, performance, efficie
performance per unit cost, or other such measures, with acc
able environmental effects. The need to optimize is very import
in the design of the materials processing systems and has be
particularly crucial in the recent times due to growing global co
petition.

Any optimization process requires the specification of a qu
tity or functionU, known as the objective function and which is
be minimized or maximized. The general mathematical formu
tion for the optimization of a system may be written as

U~x1 ,x2 ,x3 , . . . ,xn!→Uopt (26)

with,

Gi~x1 ,x2 ,x3 , . . . ,xn!50, for i 51,2,3, . . . ,m (27)

and,

Hi~x1 ,x2 ,x3 , . . . ,xn!<or>Ci , for i 51,2,3, . . . ,l (28)

wherexi represent the design variables and operating conditio
Gi represent equality constraints, andHi inequality constraints. If
the number of equality constraintsm is equal to the number o
independent variablesn, the constraint equations may simply b
solved to obtain the variables and there is no optimization pr
lem. If m.n, the problem is over constrained and a unique so
tion is not possible. Some constraints have to be discarde
makem<n. If m,n, an optimization problem is obtained.

For thermal materials processing, the objective function
could be taken as the number of items produced per unit c
product quality, or the amount of material processed. The c
straints are often given on the temperature and pressure du
material limitations. Conservation principles and equipment lim
tations restrict the flow rates, cutting speed, draw speed, and o
variables. The second law of thermodynamics and entropy gen
tion can also be used to optimize systems so that exergy, whic
a measure of the availability of energy from a thermal system,
be maximized@86#.

Search methods constitute the most important optimiza
strategy for thermal systems. The underlying idea is to genera
number of designs, which are also called trials or iterations, an
select the best among these. Effort is made to keep the numb
trials small, often going to the next iteration only if necessary. T
steepest ascent/descent method is an important search metho
multivariable optimization and is widely used for a variety
applications including thermal systems. However, it does req
the evaluation of gradients in order to determine the appropr
direction of movement, limiting the application of the method
problems where the gradients can be obtained accurately and
ily. Several other such gradient-based methods have been d
oped for optimization and are used for a variety of thermal p
cesses@1,87,88#. Genetic optimization algorithms, that are bas
on function evaluations instead, have also been developed, th
these methods are often less efficient than gradient-ba
methods.

The objective function is among the most critical and difficu
aspects to be decided in the optimization of thermal mater
Transactions of the ASME
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processing systems, since the optimal design is a strong func
of the chosen criterion for optimization. For illustration, let
consider a CVD system for deposition of TiN. As discussed
detail by Chiu et al.@88#, the main qualities of interest includ
product quality, production rate, and operating cost. These th
may be incorporated into one possible objective functionU, which
is to be minimized and is given by

U5
~Product Quality Deficiency!3~Operating Cost!

Production Rate
(29)

Here, the product quality is defined in terms of uniformity of fil
thickness and other properties which quantify the desired
tributes. Since the objective function is minimized, maximum p
duction rate is achieved by placing it in the denominator. T
objective function represents equal weighting for each des
quality. Obviously, the objective function may assume many p
sible forms. Using the steepest ascent method, Chiu et al.@89#
obtained the optimal design.

A similar study was carried out by Cheng@90# on the optical
fiber drawing process, considering the numerical simulation of
draw furnace. The objective function could again be taken as
general form given by Eq.~29!. Because of the complexity of th
process and lack of information on operating costs, the effort
directed at the fiber quality, taking the tension, defect concen
tion and velocity difference across the fiber, all these being sc
to obtain similar ranges of variation, as the main consideratio
The objective functionU was taken as the square root of the su
of the squares of these three quantities and was minimized.
eral search methods, such as golden-section for single var

Fig. 19 Evaluation of optimal draw temperature at a draw
speed of 15 m Õs and the optimal draw speed at a draw tempera-
ture of 2489.78 K, obtained in the first part, by using the golden-
section search method
Journal of Heat Transfer
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and univariate search for mutivariable cases, were employed.
ure 19 shows typical results from golden-section search for
optimal draw temperature and draw speed. The results from
first search are used in the second search, following the univa
search strategy, to obtain optimal design in terms of these
variables. Several other results were obtained on this complic
problem.

Knowledge Base
An important aspect in the design of systems for the therm

processing of materials is the use of the available knowledge b
on the process to guide the design and operation of the sys
The knowledge base typically includes relevant information
existing systems and processes, current practice, knowledge
expert in the particular area, material property data, and empir
data on equipment and transport, such as heat transfer cor
tions. Some effort has been directed in recent years at streamli
the design process and improving the design methodology@91#.
The basic concept behind knowledge-based systems is the sto
and use of this knowledge to take logical decisions for select
diagnostics and design@92#. Empirical data, heuristic argument
and rules for making decisions are all part of this knowledg
based methodology. The expert knowledge is obviously specifi
a given application and represents the knowledge and experi
acquired by the expert over a long period of work in the area
interest.

Knowledge-based design methodology is particularly usefu
selecting an initial design for a given system. Two strategies m
be used for generating an initial design. The first is based o
library of designs built using information from earlier design e
forts and from existing systems. The design closest to the gi
problem may be selected by comparing the designs in the lib
with the desired specifications. The second approach uses
knowledge and experience of an expert to generate a design
the given requirements and constraints@93#. Of course, the user
can always enter his/her own initial design if the output from t
library or the expert rules is not satisfactory.

The knowledge base is also used in the redesign proces
evaluate a given design and, if this is not satisfactory, to gene
a new design. Expert rules establish the relationship betwee
design variable and the objective function. Several efficient st
egies can be developed for selecting the design variables to
from one design to the next. The selection of design variables
the new design are guided by expert rules as well as by the re
of the design process up to the given instant.

This approach may be applied to the casting of a material in
enclosed region. The need for design and optimization of the
tem arises because of the desire to reduce the solidification
and improve the product quality. A large number of design para
eters arise in this problem, such as materials, initial melt p
temperature, cooling fluid and its flow rate, and dimensions. T
quality of the casting is determined by grain size, compositi
directional strength, concentration of defects, voids, therm
stresses, etc. It is necessary to carry out a thermal analysis o
solidification process, using modeling and simulation, to obt
inputs for design and to evaluate the nature of the casting.

Viswanath@94# and Viswanath and Jaluria@95# considered this
problem, using knowledge-based methodolgy for design. Sev
models are available for the study of solidification, such as

1. Steady conduction in solid model: Melt is taken at freezing
temperature, mold at fixed temperature and steady cond
tion in the solid is assumed.

2. Chvorinov model: Entire thermal resistance is assumed to
due to the mold

3. Lumped mold model: Temperature in the mold is assumed
be uniform and time-dependent, melt is taken at freez
temperature and steady conduction in the solid is assum

4. One-dimensional conduction model: Transient 1D tempera-
ture distributions are assumed in the mold, solid and me
DECEMBER 2003, Vol. 125 Õ 975
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Fig. 20 Different mathematical models for ingot casting: „a… Chvorinov model; „b… lumped
mold model; and „c… semi-infinite model
v

the
are
ted

the

e
ints
sses
del

he
ext.

ion-
ses-
difi-
red
this
wall
, if

hen
ini-
e a
el

ay be

por-
ink
isms
d the
5. Two and three-dimensional models: Natural convection flow
in the melt is included.

6. More sophisticated models: Needed for alloys, generation o
voids, complicated geometries, etc.

Three models among these are sketched in Fig. 20. Each m
has its own level of accuracy and validity. Different models m
be chosen, depending on the application and materials invol
Expert knowledge plays a major role here. For instance, if
insulating material such as ceramic or sand is used for the m

Fig. 21 Results for design of an ingot casting system, show-
ing solid-liquid interface movement with time and switching to
a more complex model after many design trials
, DECEMBER 2003
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the Chvorinov model may yield good results since most of
thermal resistance is in the mold. One-dimensional models
adequate for solidification near the boundaries. Sophistica
models are needed for alloy solidification and for considering
microstructure in the casting.

The optimal design may be obtained with solidification tim
being chosen as the objective function and employing constra
from the expert knowledge to avoid unacceptable thermal stre
and defects in the casting. We may start with the simplest mo
and keep on moving to models with greater complexity till t
results remain essentially unchanged from one model to the n
Thus, models may be automatically selected using decis
making based on accuracy considerations. In a typical design
sion, the cooling parameters are first varied to reduce the soli
cation time. If the solidification time does not reach the desi
value, the pour temperature of the melt may be varied. If even
does not satisfy the requirements, the thickness of the mold
may be changed. The material of the wall may also be varied
needed. Thus, by first varying the operating conditions and t
the dimensions and materials, the solidification time may be m
mized or brought below a desired value. Figure 21 show som
typical run for the design of the given system, indicating mod
change as the design proceeds. Each successful design m
stored for help in future designs.

Conclusions and Future Research Needs
This paper presents a review of the current status of the im

tant field of thermal processing of materials. It focuses on the l
between basic research on the underlying transport mechan
and the engineering aspects associated with the process an
Transactions of the ASME
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system. Several important processing techniques, such as o
fiber drawing, polymer extrusion and chemical vapor depositi
are discussed in particular detail to bring out the basic and app
issues in materials processing. These include modeling, va
tion, system simulation, process feasibility, and the design
optimization of the system. Important solution techniques, typ
results in thermal materials processing and the implications
practical systems are discussed.

Our understanding of thermal processing of materials
grown significantly over the last three decades. Many new
improved techniques have been developed, along with new m
rials, new processing systems and better control on product q
ity and production costs. However, there are still many areas
need detailed further work. Among the most important ones
material properties and characteristics, experimental results,
coupling of micro or nano-scales, where materials processing
curs, and the macro-scale of interest in engineering. The mea
ment and availability of accurate material properties are crucia
a study in this area. Also, experimental results are strongly nee
for validation of models and for providing inputs and insight f
future model development.

In addition, work is needed on several other topics. Some of
main ones are transport in complex materials such as powd
particulates, and granules, characteristics of free surfaces an
terfaces, accurate numerical modeling of combined mechani
multiple domains, and multiphase transport, and system insta
ity. Experimental techniques are needed for practical mater
which are often opaque and for measurements under high
perature and pressure. Similarly, numerical techniques are ne
for large material property changes and for coupling the trans
equations with the chemical kinetics which may involve seve
different reactions, with different reaction rates, activation ene
and other constants. Further development of new products,
cesses and systems on the basis of underlying thermal transp
needed. The design, control and optimization of the systems
well as the selection of operating conditions, in order to achi
the desired processing needs further work.

Acknowledgments
The author is grateful to the Max Jakob Memorial Award Co

mittee for providing him with the honor and the opportunity
prepare this paper. He acknowledges the support of the Nati
Science Foundation, of the industry, and of the NJ Commission
Science and Technology, through various Centers, for much o
work reported here and for the preparation of this paper. T
author also acknowledges the work done by several of his
standing students over the years, as referenced here.

Nomenclature

b 5 temperature coefficient of viscosity, Eq.~17!
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.~15!
f l 5 liquid mass fraction
F̄ 5 body force vector
g 5 magnitude of gravitational acceleration

Gr 5 Grashof number, Eq.~15!
h 5 convective heat transfer coefficient
H 5 enthalpy

Ho 5 enthalpy at 0 K
ī 5 unit vector in x-direction
k 5 thermal conductivity,
K 5 bulk viscosity, reaction rate

Kc 5 consistency index for non-Newtonian fluid, Eq.
~16!

L 5 characteristic length
Lh 5 latent heat of fusion
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ṁ 5 mass flow rate
n 5 power-law fluid index
N 5 speed in revolutions/min~rpm!
p 5 local pressure

Pr 5 Prandtl number, Eq.~15!
q 5 heat flux

qv 5 dimensionless volume flow rate in a polymer
extruder

Q̇ 5 volumetric heat source
R 5 universal gas constant; radius

Re 5 Reynolds number, Eq.~15!
t 5 time

T 5 temperature
u, v, w 5 velocity components inx, y andz directions,

respectively
U, Us 5 speed of a moving solid or source

V̄ 5 velocity vector
x̄ 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
u 5 dimensionless temperature
t 5 shear stress
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