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Most operations in materials processing involve
complex phenomena comprised of chemical thermo-
dynamics and associated momentum, heat, and/or
mass transport, and these apply to ferrous pro-
cesses, non-ferrous processes, casting of metals,
atomization of metals to produce powders and
nano-powders, welding and joining processes, spe-
cial refining techniques, etc. All these processes
essentially comprise of turbulent non-isothermal
reacting multiphase flows. As difficult as it sounds,
researchers often start with chemical thermody-
namics to understand the feasibility of a process.
While thermodynamics is an excellent tool to start
with, it only tells us half the story, and thus
transport phenomena, i.e., fluid flows, heat transfer
and mass transfer, play a dominant role in materi-
als processing since their respective rules dictate
the kinetics of the various physical phenomena
occurring in these processes. These phenomena
include such events as multi-phase reactions,
entrainment of secondary and tertiary phases in
the primary phase (slag and gas entrainment in
liquid metals), degassing of metals and alloys, alloy
melting and mixing, the movements and flotation of
particles in melts, melt temperature losses, resi-
dence times in metallurgical reactors, erosion of
refractory linings, particle size distribution during
high pressure atomization, etc. These are compli-
cated multiphase processes and often include multi-
physics-based phenomena. Hence, it is of utmost
importance that the development and improvement
in our multiphase flow research techniques, and our
abilities to simulate these flows and their associated
transport phenomena, contribute significantly to
our knowledge-building endeavors, which in turn
help in effectively designing and operating

metallurgical/materials processes. Over the last
three decades, researchers have used different tools,
including computational fluid dynamics (CFD) sim-
ulation, followed by experimental validation, and
finally comparing with real process data to optimize
these complex materials processes.

This special JOM topic is focused on multiphase
flows in materials processing, and contributors from
around the world have been encouraged to submit
articles related to multiphase flow modeling tech-
niques, experimental techniques in multiphase
flows, and CFD modeling of metallurgical processes
involving multiphase flows. In the current issue,
researchers have contributed on modeling of multi-
phase flows for a variety of metallurgical processes,
including continuous casting, ladle metallurgy, cop-
per converting, basic oxygen steelmaking, electro-
slag re-melting, and selective laser melting. Some of
the key phenomena considered in this particular
issue include bubble expansion, two-phase mixing,
effects of various interfacial forces, electromagnetic
effects and finally solidification. These phenomena
are complicated in nature, and the contributors
have done an excellent job in explaining the details
of their modeling techniques so that their methods
can be cross-pollinated to other areas of materials
processing, from which the readers will benefit.
Another important aspect to note is that most of the
contributing authors have taken an industrial met-
allurgical process under consideration, and this also
adds value to our industrial readers.

Process simulations using CFD codes can give
detailed information of fluid flow, heat and mass
transfer in materials process and metallurgical
reactors, and this can lead to a better understand-
ing of a given process. During the past three
decades, the range and power of CFD codes have
been considerably developed, and CFD simulations
have been extensively applied to help in under-
standing a given process and in guiding new process
developments. Thanks to the genius and efforts of
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Professor Spalding and co-workers at Imperial
College, London, a generalized transport equation
had been formulated, which has been used to
describe all manner of transport phenomena. This
has been a great help in obtaining iterative solu-
tions to a series of partial differential equations
requiring simultaneous solutions. In turn, it has
spawned the formulation of general purpose com-
puter codes that have become increasingly user
friendly and robust. Then, in the 1970s, Launder
and Spalding introduced the famous k–e model for
turbulent flows which represented yet another
breakthrough for solving turbulent flow problems.
Later, other researchers introduced variants of this
model, such as the renormalization group k–e model
and the realizable k–e model. For tackling the
boundary problems in turbulent flows, some
researchers developed the low Re number k–e model
using damping factors. Launder and Spalding also
gave the concept of wall functions for boundary
treatments. Patankar and Spalding paved the way
for solving pressure-linked equations for the first
time by introducing the famous SIMPLE algorithm.
Later on, other algorithms such as SIMPLER,
SIMPLEST, SIMPLEC, PISO, etc., were proposed
by various researchers. Based on the above con-
cepts, many software packages, such as PHOE-
NICS, CFX, FLOW-3D, FIDAP, FLUENT,
COMSOL, etc., were marketed, and have allowed
CFD to become an increasingly common tool used by
non-experts. However, it is essential that one learns
the physics behind these software packages before
blindly using them. Multiphase flow modeling tech-
niques have also evolved significantly over the last
couple of decades. Initially, researchers would sim-
plify the problems by considering the dominant type
of flow, and would be interested either in particle
tracking or in interface tracking or just in interac-
tions between the phases in a mixture. However,
recently, researchers have started to use hybrid
techniques to account for different types of flows in a
single system, including dispersed, segregated, par-
ticulate and continuous phases. Also, the growing
popularity of open source codes have encouraged
researchers to test and try out different hybrid
techniques and numerical schemes. Finally, a num-
ber of researchers have started coupling chemical
reactions with multiphase flows to make the simu-
lations more realistic.

While simulations are an excellent way to under-
stand multiphase flows in materials processes, there
needs to be a validation step to confirm whether the
simulations are robust and can faithfully represent
the real process. As the quality and accuracy of
instruments have significantly improved in the last
two decades, researchers have exploited this advan-
tage by incorporating experimentation in their
studies. Tools like a time-resolved, multiphase PIV
(particle image velocimetry) system, ultrasound
Doppler velocimetry (UDV) system, and high-speed
cameras have contributed greatly in validating

multiphase CFD models. Researchers have even
gone further by using flexible grid PIV techniques,
and using these, much like the way CFD works, the
philosophy is to create calculation grids, which have
been adapted to the flow and the geometry of what
is measured. A grid object is a user-specified region,
in which calculation points are distributed in a way
the user desires. Furthermore, the user can specify
different calculation methods to be applied to dif-
ferent objects and regions. Flexible grid PIV has
become an ideal tool for comparing experimental
flow data with computational data, as they use the
same grid size and resolution for both. Also, modern
PIVs have the capabilities to measure flows in
multiphase systems and generate valuable infor-
mation on flow behavior. Some unique features of
the multiphase PIVs systems are that the technique
is non-invasive and measures the velocities of
micro-particles and secondary phases following the
flow. It employs fluorescent particles as flow tracers
for the liquid phase and optical filters to see the
secondary phase separately in the experiment. If
simultaneous data from both phases are required, it
is generally necessary to have two cameras where
the images of the region of interest are combined
with special optics. The UDV technique has also
proved to be a very efficient tool for measuring
velocities in opaque liquids, especially for measur-
ing bubble velocities and slurry type flows. Some
researchers also perform multiphase experiments in
high-temperature environments with opaque met-
als, and the UDV technique has enabled measure-
ments for such systems, and also let us compare the
data with multiphase CFD simulations.

As the industries involved in materials process-
ing have continuously invested in R&D, they have
also become open to share real process data with
researchers, and that has provided a realistic
validation milestone for physical and mathematical
models involving multiphase flows. While the
importance of the synergy between modeling,
experiments and real plant data has been empha-
sized by many, today we can be proud of the fact of
its actual implementation. Recently, researchers
have also emphasized on the importance of the
‘‘knowledge and insight of the modeler’’, and the
need to involve ‘‘multidisciplinary teams with
process and computational backgrounds’’ to hunt
for the truth behind a process and to optimize it.
The ability to capture a significant amount of
process data, and subsequently use data analytics
and machine learning techniques, will be adding a
new dimension to the validation and optimization
process. While simulations using CFD models and
physical models generate data for statistical and
sensitivity analyses, they can now be compared
with plant data in real time. Also, integrating
machine learning platforms with simulations is
going to give researchers an opportunity to feed
boundary conditions into multiphase flow models
in real time.
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The advent of CFD, and advanced experimental
instruments, coupled with real process data and
machine learning will create a revolution in the field
of multiphase flows in materials processing, and in
materials process optimization. These types of
approaches will allow researchers to challenge their
limits and go into a world beyond imagination.
Process models validated with actual experiments
have proved to be reliable for the last three decades,
and this will surely continue by the incorporation of
additional features such as machine learning and
data analytics. The motivation for this will be the
continuing quest for knowledge which will be aided
by ever-increasing computational power and expo-
nential decrease in computational costs for real-
time analytics, validation and optimization.
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