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V17173 Y%[-17'/A8 Director of Indian Institute of Technology Hyderabad Prof. B. S. Murty

]
Prof. B. S. Murty

Director, IIT Hyderabad

1) The IIT system in India has established itself as globally

renowned education institutes. During this long journey
of our IITs, how has it viewed the importance of industrial
collaboration?

Fromtheinception, the brightfaculty and student fraternity ofall the IITs
contributed to industrial collaborations through valuable consultancies.
However, the number of sponsored projects from industry used to be
less earlier. In the past 5-10 years, the number of industry sponsored
projects has increased along with consultancy projects. Industries are
also coming forward to set up Centres of Excellence at IITs, which have
fostered industrial collaborations.

2) How should academia set the focus towards research
relevant for industrial applications?

Academia first should create an environment in their institutes
that foster stronger relationships with industry. Let me share the
experiments that we have done at IITH.

a) We have revised our BTech curriculum to incorporate a semester-
long internship with 6 credits in the 6th semester.

b) We have introduced a mandatory 1-credit course on Industry
lectures for the MTech students, wherein 12-14 industries are
invited to share the exciting developments in their industry.

c) We ask the industry to provide problem statements for MTech
students to take them as their MTech projects. I can confidently say
that 30-40 % of our MTech projects are industry defined problems.
We are striving to increase this to 60-70%.

d) We encourage industry professionals to pursue their PhD at [ITH,
we have waived the residential requirement.

e) Wehavealso started 10 flexible online MTech programs for working
professionals.

f) We have started a number of industry-oriented and
interdisciplinary MTech (Energy, Sensors, Additive manufacturing,
E-waste management, Smart mobility, Medical device innovation,
Ophthalmic Engineering) and BTech programs (Computational
Engineering).

All these measures are helping IITH develop stronger relations with

industry, which would encourage industry relevant research at IITH.

3) Please tell us a few success stories where research
incubated in academia translated into successful industrial
products.

While there are many success stories, [ will talk about 3 of them:-

a) Pure EV hasbeenincubated at IITH, mentored by Dr. Nishanth from
MAE dept, which is now producing about 2000 E-two wheelers a

b) Wisig is a telecom-based start-up mentored by Prof. Kiran of EE
dept, that is creating ripples in the field of 5G and 6G and has
produced the first 5G enabled NB-IOT Chip from India.
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c) Aerobiosys has been mentored by Prof. Renu of BME dept. and is producing the world's best ventilator
at an affordable price.

4) Do you think major industries should also establish research cells in academia to forge
a stronger research partnership?

Yes, Surely. A number of such Cells/ CoEs/ Schools are being set up at IITH; Centre for Healthcare
Entrepreneurship, NVidia Centre, CoE on Al, ITIC, Suzuki Innovation Centre, FABCI, School of Innovation,
School of Sustainability are some examples.

5) Can you please highlight a few successful start-ups incubated in academia?
For IITH, the answer to 3) above gives an idea of a few successful start-ups.

6) Do you think that a strong industry-academia partnership is the key factor for the
advancement in engineering/ science in the western world? If so, then why could such an
ecosystem not be nucleated in our country?

Yes, as I said, this is needed in India as much as elsewhere in the world. The advanced countries have
this Academic-Industry research focus not only established in most areas, they also institutionalised and
regularised this as a standard practice and immensely benefited. Many HE institutes in India have started
similar engagements with industry and some of them being implemented at IITH have been highlighted in
this note.

7) According to you, what are key policy and administrative reforms that should take place
to enhance inter-dependency between industry and academia?

Each department in an engineering institute should be mentored by a few industries, where the students
should do long term internships. The faculty should be encouraged to spend their summers in the industry
not only to widen their knowledge-base but also to initiate collaborative research. Similarly, industry-
professionals should take part in curriculum-design and also teach as Professors of Practice, a few
practice-based courses. IITH has created TRP (Technology Research Park) with 1.5 Lakh sq.ft area for
industries to take space on the campus and work together with faculty for a synergistic growth. In order
to create an innovation culture at IITH, we have started providing BUILD (Bold and Unique Ideas Leading
to Development) projects to students by calling for Innovative proposals from students twice a year. The
chosen ideas are provided with Rs. 1 lakh financial support to begin with and even a semester-break with
6 credits, if needed. Technology Innovation Park (TIP) with 1.5 lakh sq.ft area has been created at IITH for
providing space for start-ups. The philosophy of IITH is reflected in its motto that defines IITH as “Inventing
& Innovating in Technology for Humanity”.

8) How do you think, academia can play an important role in infusing innovation in Indian
Industries, so that we can stride ahead towards 'Atmanirbhar Bharat' and subsequently to
Global Leadership?

Efforts should be made to expose both the faculty and industry professionals to each other's environment.
[ITH has started an MTech program on Medical Device Innovation, jointly with AIG Hyderabad, where the
student spends 4 months in a hospital (immersion) and identifies a problem at the end and works on it
to create a prototype at the end of the 2-year program. We also started, jointly with CMET, an MTech on
E-waste management,, where the students do their projects in CMET and other industries. We also started
an MTech in Ophthalmic Engineering together with LVPEI. We now have an MSc program on Medical Physics
with Basavatarakam Oncology Institute, and the students of this program spend one year in the hospital
and come out as Radiation experts.

We established a DRDO Cell at IITH, which has been working on the research problems of DRDO. This
Cell is now converted into DIA (Defence-Industry-Academia) CoE. We have also started taking about 10
PhD students every year, who would work on research problems defined by DRDO. This year, we started a
BTech program in IC Design & Technology, an MTech program in Systems Packaging and another MTech in
Semiconductor Materials and Devices, to support the Indian Semiconductor Mission. Our BTech Curriculum
is adopted by AICTE to start similar BTech program in colleges affiliated to AICTE. All these efforts would
strengthen the technology base in India and create future-ready and competent human resources that
would not only make India Atma Nirbhar but also a Global leader.
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Y LZu (1 | L 10T 14-8 Brief about IIT Hyderabad (IITH)

Indian Institute of Technology Hyderabad (IITH) is
one of the second generation IITs established in
2008. IITH has been consistently ranked in the top
10 institutes in India for Engineering in both NIRF
and QS rankings, thanks to the excellent work by its
290+ faculty, 270+ staff and 4200+ students. Among
the students, 1200 are PhD students and 1300 are
PG students, clearly indicating the research focus
of IITH. Some of the unique contributions of IITH
are in health care innovation, 5G/6G, autonomous
navigation, additive manufacturing.

Iconic Tower

[ITH has 18 departments, some of them being
unique such as Department of Al, Design, Liberal
Arts, Climate Change, Entrepreneurship &
Management, Heritage Science & Technology. [ITH
has been striving in innovation domain, which
has led to its being ranked 7 in ARIIA Innovation
ranking of Govt. of India, which is better than two of
the first generation IITs such as KGP and Guwahati.
[ITH defines its motto as “Inventing and Innovating
in Technology for Humanity (IITH)”. In the last 5
years it has mentored 100+ startups, which have

created 1000+ jobs and Rs. 800+ Cr Revenue. IITH
has created Technology Innovation Park of 1.5
lakh sft space for supporting startups. I[ITH has
Established incubators like Centre for Healthcare
Entrepreneurship (CfHE) for medical innovations
and FabClI for unique fabless chip design.

( Qi TS ES R e,
Samsung Quad Camera
Vinoer'Sharma =

Academic Block

IITH believes that education should be student
centricand has brought out an innovative curriculum
to provide more flexibility in learning through
fractal academics, semester-long internship, more
free electives, double major, several liberal /creative
arts courses. It has brought out an innovation policy
which encourages students to work on innovations
taking a semester break if needed with 6 credits.

Departmental Building

IITH strongly believes that engineering education
should be industry oriented. It has brought out
several unique BTech programs in Al, Biomedical
Engineering, Bioinformatics, Industrial Chemistry,
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IC Design & Technology and Computational
Engineering (possibly the first Interdisciplinary
BTech program of India). Several other industry-
oriented measures such as a mandatory 1-credit
course on “Industry Lectures”, a large fraction of
MTech projects being on industry defined problems.
Several new industry-oriented MTech programs such
as Additive manufacturing (with DRDO support),
E-waste resource engineering & management
(jointly with C-MET, Hyderabad, and with MeitY
support), Medical device innovation (jointly with
AlG, Hyderabad), Energy science & technology,
Integrated sensor systems, Network & information
security, Polymers & biosystems engineering and
Smart mobility, systems packaging, Semiconductor
materials & Devices, Ophthalmic Engineering (jointly
with LVPEI), Techno-entrepreneurship and an MSc
in Medical Physics (with Basavatarakam Hospital).
IITH has also started about 10 online MTech
programs to reach out to working professionals.
In another move to support industry and R&D lab
personnel, IITH waived the need of semester-long
residential requirement for PhD.

To contribute towards Atmanirbhar Bharat, a DRDO
Centre of Excellence (DIA CoE) has been established
at IITH. Technology Innovation Hub on Autonomous
Navigation (TiHAN) under DST NMICPS has
been established with first of its kind Testbed for
autonomous vehicles inan Indian academicinstitute.

A Centre of Excellence for Medical devices has been
set up with the funds from ICMR. Another Centre
of Excellence for Transportation Research has
been set up with the funds from NHAI A school of
Innovation & Entrepreneurship is being established
with the support of Shibodhi Foundation and
Cyient Foundation. The school is planning to start
a BTech program on Techno-entrepreneurship. A
school of Climate Change & Sustainability is being
established with the support of Greenko. The school
is planning to state BTech and MTech programs on
Sustainability soon. A Research Centre for Eye Care
is being established with the support of LV Prasad
Eye Institute. Technology Research Park (TRP)
with 150,000 sft space has been established for
improving collaborations with industry.

IITH Hostel

s sfe sk sk sk sk kokok
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Technical Article

Sensitisation Study on View Factor Update in
Investment Casting Simulation

Saurabh Kumar?!, Daisy Priya Tigga and Dibyendu Chatterjee

Modern turbine-components are manufactured via
investment casting process and are cast in vacuum
induction and melting furnaces using nickel-based
superalloys. The casting process parameters namely,
temperature of the shell mould, pouring temperature
and withdrawal rate, play a critical role in the quality
of the final component; especially during production
of directionally solidified castings. The optimisation
of casting parameters by experimentation is a time
and resource consuming process. Therefore, advanced
simulation techniques are now being used to develop
these casting procedures. FEM-based simulation has
enabled us to estimate detailed thermal history of these
casting processes and to understand the solidification
characteristics. These simulation procedures are limited
by computational hardware resources and also the time
taken for computation. We have therefore focused in the
present study on ‘View factor update interval’(VFUI), a
simulation parameter which determines the frequency
of heat exchange calculations during the simulation
process. The effect of VFUI at 1, 2, 5 & 10 mm withdrawal
of mould on the computation time and accuracy is studied
by noting its effect on thermal profile, mushy zone and
solidification parameters in a directional solidification
process of CM247 LC. Based on the study, the optimum
VFUI for carrying out a simulation of directional
solidification has been proposed.

Key words : Directional solidification, Radiation, View
factor, VFUI, Thermal evolution, Thermal profile.

1. Introduction
1.1. General

Nickel-based superalloys have emerged as the most
favourable choice of material for the manufacture of hot
end components in advanced gas turbine engines. These
alloys retain their mechanical properties at elevated
temperatures and possess good oxidation/corrosion
resistance [1-4]. In order to keep pace with the increasing
turbine entry temperature (TET), the high temperature
capability of these alloys have been enhanced over the
years by improving their compositions and processing
methods. The high temperature capability has been
enhanced by introducing increasing quantities of

refractory elements such as W, Re and Ta [5]. Further
improvements have also been achieved by adopting
components with complex internal cooling channels.

Apart from the development in alloy systems, the
microstructure has also been modified over the years.
The processing routes were altered to produce more
robust and suitable microstructure in the components.
Equiaxed microstructure was modified to columnar
grained microstructure by allowing directional
solidification of the casting. Absence of grain boundaries
in the transverse loading direction increased the working
life of the components. Further improvement in the
processing techniques for directional solidification led
to the viability of producing single crystal components.
Single crystal castings favoured excellent creep resistance
and significantly increased the working life of these
components [6, 7].

Modern gas turbine engine parts such as blades and
nozzle guide-vanes of the nozzle have become so complex
and strong as their fabrication is possible only through
investment casting technique. Investment casting
method for a superalloy component involves its casting
in a ceramic shell mould. This process is carried out in
a vacuum induction melting & casting furnace. Prior to
pouring the liquid metal into the shell mould, it is typically
heated to a high temperature (up to 1500 °C).

In case of equiaxed casting, the molten metal is poured
into the mould inside the vacuum melting furnace and
allowed to cool. In directional solidification casting
process, the shell mould is placed over a water cooled
copper chill plate which acts as the first sink for heat
extraction and start the process of solidification. This
is schematically shown in Fig.1.1. After the liquid
metal is poured into the mould, it is withdrawn from
the hot zone at a controlled rate, while heat extraction
continues by radiation. In this process, the metal pouring
temperatures, the temperature of the mould and the
withdrawal rate play important roles in determining the
final microstructure of the casting [8, 9].

Determination of the right casting parameters is crucial
to produce sound castings. Experimental optimization

1Author for correspondence: Saurabh Kumar, DMRL, Kanchanbagh, Hyderabad - 500058.
Phone: 04024586314. Email: sanskarta@gmail.com. Fax: 040-24343006.
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of these parameters is a long drawn and expensive
process involving wastage of casting materials.
Therefore, computational techniques using FEM analysis
are employed to reduce the number of trials. The
advancements in hardware technology and simulation
tools have made it possible to predict the various aspects
of casting process such as heat transfer and solidification
with a fair degree of accuracy.

induction S
melting

COALN L

Fig.2.1 : Enclosure used in
the simulation

Fig.1.1 : Schematic of DS Process

1.2. Objective

The pouring of molten metal into the ceramic shell mould
is followed by the withdrawal of the shell mould from the
hot zone to the cold zone of a directional solidification
(DS) furnace. The primary mode of heat transfer is
initially conduction followed by radiation with the
progress of withdrawal [2, 10]. Heat from the shell mould
is radiated in all possible directions. With the progress of
withdrawal, the heat transfer between the two particular
surfaces involved keeps changing.

This exchange of energy between any two surfaces is
defined by the ‘view factor’ or its synonyms ‘shape factor’,
‘F factor’, or, ‘configuration factor’. The view factor can be
defined as the fraction of energy which is intercepted by a
surface from a radiating surface [11]. This interception is
governed by the way the surfaces and elements involved
in radiation see each other. With the progress of shell
withdrawal from hot zone to cold zone, the surfaces are
exposed to new radiation conditions, new surfaces are
exposed to each other and at the same time the angles and
distances between the different surfaces and elements
involved in radiation also keep changing. Therefore, while
simulating the casting process, the view factor must be
calculated for each of the pair of new surfaces exposed
and for the changed position of radiating elements at
regular intervals of time.

This calculation is both resource and time-consuming

and hence important to have the optimum intervals for
updating the view factor in the simulation. If the view
factors are calculated very frequently, the time taken for
arriving at a solution becomes too long; on the contrary, if
the frequency is too low, then the accuracy in computation
is lost. Therefore, there needs to be an optimum interval
for calculating the view factor.

The present study is aimed at examining the sensitivity of
results with respect to the frequency of updating the view
factor. Simulation has been carried out for investment
casting of cylindrical superalloy (CM247 LC) rods using
various view factor update frequencies and their effects
on thermal evolution, thermal profile, thermal gradient
and cooling & solidification rates have been studied.

2. Simulation Methodology
2.1. The physics

Solidification in investment casting is a result of heat
dissipation by initially dominant heat conduction and
subsequently radiation which becomes dominant soon
after the mould begins to be withdrawn. The convection
mode of heat transfer is irrelevant as the process is
carried out in a vacuum furnace. The gradients imposed
in solid phase and liquid phase determine the movement
of solid-liquid front [12-14]. The process physics has been
discussed here in two parts, namely solidification and
radiation. The physics of solidification has been briefly
described since it has already been discussed in our
previous reports [15]. The physics of radiation however
has been discussed in detail.

2.1.1. Solidification

The process of computational solidification is defined
by the Stefan Problem [16]. This is a mathematical
formulation widely used in engineering problems. The
Stefan problem is probably the simplest mathematical
model for a phenomenon involving change of phase.
In our case, it is a set of mathematical equations which
defines the movement of solid-liquid interface. These
mathematical equations are governed by the heat flow
across the solid-liquid interface [17, 18]. This solid-liquid
interface, also called as a ‘boundary’ is non-stationary
in a solidification process and hence this problem is
considered as an example of ‘free or moving boundary
problem’.

Unlike some other techniques such as phase-field
modelling which consider this interface as a diffused
entity between the two phases [19], Stephan Problem
defines the interface as a sharp entity. The mathematical
equation applied in the domains of solid and liquid is
a parabolic differential equation. A set of conditions,
including Dirichlet and Stephan conditions are applicable
to this interface. The Dirichlet condition sets the
freezing temperature for solidification phenomenon
and considers all associated factors like curvature

10 IIM METAL NEWS Vol. 25 No.9 September 2022
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effect, surface effect and perturbation effects. The Stefan
condition on the other hand predicts the rate of liquid to
solid transformation. It states that the normal velocity of
the interface separating the solid and the liquid phases
(resulting in the evolution of latent heat during liquid-
solid transformation) is proportional to the jump/rise of
the temperature gradient across the interface [20]. The
condition that defines the gradient in the liquid phase
is called as Neumann condition. Our previous technical
report [15] gives the detailed discussion on the physics
and mathematical equations involved in the solidification
process and various numerical approaches employed to
solve these equations.

2.1.2. Radiative heat transfer and view factor

Radiation is a mode of heat transfer between two surfaces
maintained at two different temperatures which does not
require any medium for propagation as the heat transfer
occurs in the form of waves. Total emissive power of a
blackbody of area A and temperature T is given by the
Stefan Boltzmann’s law [21]:

qg=4oT* Eq.2.1
Where o is the Stefan-Boltzman constant (= 5.67 x 108

W.m2.K*). The radiation emitted by a non-blackbody
surface, often called a gray surface, is given by:

q=¢AoT* Eq.2.2
where ¢ is the emissivity of the surface. As radiation is
proportional to the fourth power of temperature, it
becomes more important at higher temperatures as
compared to conduction.

While considering radiation exchanges between surfaces
in a simulation problem, it is often assumed that the
surfaces and elements taking part in radiation are
separated by a non-participating media which does not
affect such exchanges. The energy balance on the opaque
surface is given by:

q = Qo™ Dapsors £A-2-3
For computing the total radiative energy balance in
totality, a closed enclosure has to be considered [21]. This
enclosure is assumed to be a simple isothermal surface
having a constant average heat flux value across it [22].
Fig.2.1 shows such an enclosure in our case.

Apart from the radiative properties, radiation exchange
between two surfaces is strongly dependent on surface
geometries, their relative orientations and the distance
between the surfaces; view factor takes care of these
three factors. Considering two non-blackbody surfaces, A
and B, A being the emitting and B the absorbing surface, at
temperature Ta and Tb respectively, the energy radiated
by surface A will be given by:

=q=¢,A,0T* Eq.2.4

qu,emit

The energy absorbed by surface B can be expressed by:

b absorbed :FaﬁbgbAbo'TbA} Eq.2.5,

where F,_, is the view factor. Thus, the view factor can be
defined as the ratio of the absorbed radiation to emitted

radiation.
F _ qa,emitted

a>b qb,absorbed Eq26
Fig.2.2. shows the schematic of view factor computation.
Mathematically, it can be expressed as:
F:,‘,b - ALHJAQ J'Ab Cos0), ,Co;z,;.dAa.dAb Eq_2.7

View factor follows the law of reciprocity (Eq.2.8) and the
rule of summation, as (Eq.2.9)

AaFa»b = Abe%a Eq28

Y= F=1 Eq.2.9
In order to calculate the radiation exchange in an
enclosure of N surfaces, a total of N? view factors should

be calculated. Mathematically, the view factors on N
surfaces are represented by a matrix:

Fll "'FlN
¢+ | Eq2.10
Fyy - Fyy

If the enclosure is divided into n surfaces that can’t see
each other and the total number of view factors, M, which
must be calculated directly is given by:

M="2D_N Eq.2.11
This number increases manifold when there are a
number of radiating surfaces apart from the enclosure. In

such a case, the computation of view factor requires huge
computational resource.

dAb.COSQb

Projection on unit
hemisphere

Fig.2.2 : View factor calculation [22].

2.2 Simulation

Simulations in this study were carried for cylindrical
rod castings with different frequencies for updating of
the view factor under varying process parameters. The
process parameters that were considered are given in
Table 2.1. Processing temperature is the temperature
to which mould is heated and the investment casting is
carried out. Pouring temperature is the temperature
of the molten metal at the time of pouring. The mould
withdrawal rate is the rate at which the mould is
withdrawn from the heating chamber after pouring.

The pouring temperature, chill plate size and other
furnace geometries were kept constant. The simulation
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consists of five steps: (a) preparing the geometrical
model and checking the model, (b) meshing, shell making
and mesh repair, (c) applying boundary conditions (d)
solution and (e) analysis of the results. Our earlier reports
[20, 23] describe these steps in details. The features
pertaining to the present study are given below.

and mass transfer phenomena closely, the mesh intervals
for casting component was kept the smallest. Since chill
plate and furnace were bigger and no mass transfer was
involved, their mesh sizes were kept bigger. The enclosure
had the biggest mesh size as it was the biggest unit.
Surface meshes generated using these sets are shown in

Table 2.1. Values of process parameters used in simulation Fig.2.4,

Processing temperature(°C) 1450, 1525 Table 2.3. Line mesh division for different volumes

Pouring temperature (°C) 1530 Parts of the Maximum size of mesh (mm)

Mould withdrawal rate(mm.min'!) 3,6,9 model Set1 Set2

. . Rod 2 3

2.2.1. Geometrical model preparation G:te 2 3
ANSYSwas used for ge-ometrica}l modelling. Table 2..2 gives Sprue 3 4
the general geometrical details of all the constituents .

; . . . Pouring cup 3 4
considered in the model which includes the furnace, Chill plate 4 5
cylindrical rod casting, chill plate size, sprue, pouring Furnace 3 10
cup and gate. In this study, seven rods were assumed to

. . o . Enclosure 20 30
have been cast in a symmetrical distribution in a single
shell, making the circular symmetry of the model as —
7. Therefore, only one seventh of the whole geometry Enclosure cup
was modelled as shown in Fig.2.3. After the model was
prepared, it was checked in Geomesh environment and Furnace top
then exported to MeshCast for meshing.
2.2.2. Meshing, shell making and mesh repair Cylindrical rod
To analyse the effect of mesh size on sensitivity of view :’Szklation (component)
factor update, two different sets of meshing were used; —
Table 2.3 shows their details. To capture the heat transfer
Heating
Table 2.2. Dimensions of the geometrical models involved susceptor Radiation
in simulation (in mm) shield
Cast component diameter 12 Baffle Starter
Cast component height 210 Chllplate
Starter diameter 20 ]
Starter height 20 _ ((1). [.b) .
Sprue rod height 290 Fig.2.3 : Geometrical models of (a) cast and chill plate portion
(b) furnace and enclosure
Sprue rod diameter 18
Height of step between pouring cup and sprue rod 23 After the surface mesh was completed, a shell was built
Diameter of step between pouring cup and sprue rod 20 OV?r '.(he casting. The complete _8 mm thick shell ‘_Nas

) ) built in 2 layers, each 4 mm thick. After shell-making,
Pouring cup height 67

: : the whole surface mesh was converted to volume mesh.
Pouring cup top diameter 130 . . . . .

. . During this operation, interior nodes were generated.
Pouring cup bottom diameter 60 Generation of a node is typically accompanied by the
Shell thickness 8 generation of associated elements. Thus the number of
Shield thickness 5 nodes and elements increases several times during this
Chill plate diameter 200 | step. Table 2.4 gives the number of elements and nodes in
Chill plate height 50 surface mesh of different sets. The number of elements of
Susceptor height 430 | the enclosure is given in Table 2.5.

Furnace outer diameter 576 Table 2.4. Number of elements and nodes
Susceptor inner diameter 480 in the various models

Susceptor outer diameter 516 Sets Surface Mesh Volume Mesh
Furnace top thickness 50 Elements Nodes Elements | Nodes
Baffle thickness 13 Setl 47,164 23,100 2,82,288 57,268
Distance between baffle and chill plate 5 Set2 26,527 12,897 1,84,648 | 37,144
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enclosure in various sets

Table 2.5. Number of elements and nodes in the

Sets Elements Nodes
Set 1 5,764 3,008
Set 2 2,490 1,329

2.2.3. Applying boundary conditions

Once the mesh was ready, the symmetry, volume
properties, boundary conditions, initial conditions,
process parameters and run parameters were assigned
to the meshed model. The pouring of molten metal starts
at 1190 s and the rate is so maintained that the mould fills
in 4-5 s. In other words, a pouring rate of 0.27 kg s has
been considered. The mould is allowed to withdraw in 5
s after the pouring is complete. The mould withdrawal
sequence in terms of position of the mould with time
for three withdrawal rates (i.e. 3, 6 and 9 mm.min-1) is
shown in Table 2.6.

Out of all the boundary conditions, our focus was on the
update frequency of the view factor. This factor comes
under run parameters. The ProCAST software defines the
update frequency in two ways: one is the time interval
and the other is the distance interval. Defining the view
factor update by time interval means that view factor is
updated after a particular time interval, whereas defining
it by distance interval means that view factor is updated
after the mould has moved by a particular distance. As is
shown in Table 2.6, the mould is stationary up to 1200 s
after which it starts moving with a constant velocity till
it comes out of the furnace completely. Therefore, the
VFUI in this study is defined as the periodic distance after
which the view factor is updated.

Fig.2.4 : Surface mesh of (a) cast and chill plate portion,
(b) furnace portion and (c) the furnace with enclosure.
Table 2.6. The position of mould with respect to time at
different withdrawal rates (WR)
Mould Time (s) for different withdrawal rates
position 3 6 9
0 0 0 0
0 1200 1200 1200
280 6800 4000 3067
280 7300 4500 3500

Thus, if the view factor update frequency is 5, the solid
angles between every element taking part in radiation
were recalculated and the view factor was updated

after every 5 mm withdrawal of the mould. The distance
intervals used for update frequency in the present
simulation were 1, 2, 5, 10 and 20 mm.

2.2.4. Solution

After incorporating all boundary conditions, twenty-
five simulation runs were carried out on a single core
work-station. The time taken (in hours) to complete a
simulation run under various combinations of mould
withdrawal rate and view factor update frequency (Table
2.7). The time taken for one set of view factor calculation,
the number of view factor updates and time taken for
calculation in different runs are shown in Table 2.8.

Table 2.7. Simulation time of different runs.
Set | Mould withdrawal Simulation run time at
No | rate (mm.min?) different VFUIs (VFUI) h,
1 2 5 10 | 20
3 80 46 24 | 16 14
1 6 77 | 425 | 21 | 135 12
9 73.5 40 18 | 11 | 10.5
3 31 20 13 | 10 9
2 6 27.5 17 11 | 85 7
9 25 14.5 9 7 5

Since the number of radiating elements under one set
of meshing is constant, the time taken to calculate the
view factor during each update is the same. Thus, the
time taken for view factor calculation is independent of
the mould withdrawal rate or processing temperature.
However, the total simulation run time increases as the
mould withdrawal rate decreases. Table 2.9 elaborates
the reason behind this. The time needed for complete
withdrawal of the mould and the number of time-steps
needed for the solution (thermal and flow, view factor not
included) have been given here.

As the mould withdrawal rate increases, the time
required to withdraw the complete mould decreases and
time-steps required to reach that time decrease. As the
number of nodes is determined by mesh set, the time
taken for a single time step is purely a function of mesh
size. Thus the time required for thermal computations
only, excluding the view factor computations, is number
of steps (n, ) multiplied by the time taken for single step
calculation (t, ).

Eq.2.12

The number of time-steps depends on factors such as
number of nodes and the element geometries. Another
factor which contributes to the computation time is the
time taken in flow computation during pouring. The time-
step for flow calculations during pouring are very small
as compared to thermal steps; hence the number of steps
is large even for 5 seconds of pouring. The maximum time
for each step was kept 0.01 s and for thermal calculations,
itwas 1s.

t, =n, xt

th,one

IIM METAL NEWS Vol. 25 No.9 September 2022 13



-IIM

Metallurgy

e Metallurgy

e Materials Engineering

Materials Engi ing

Table 2.8. Simulation time of different runs
(a) mesh set 1, (b) mesh set 2
(a)
VFUI Number of view Time taken for view factor
(mm) | factor calculations calculation (h)
For one For all
1 281 23.30
2 141 35.15
5 57 15 13.45
10 29 6.15
20 15 3.75
(b)
Number of Time taken for view
VFUI view factor factor calculation (h)
(mm) -
calculations For one For all
1 281 23.30
141 35.15
5 57 15 13.45
10 29 6.15
20 15 3.75

The total number of time-steps for the solution given in
Table 2.8 is the number that includes steps for thermal
calculations and flow calculations. The total run only has
been given because it is very difficult to track record of
the steps of thermal calculations and flow calculations
separately during simulation. The time taken in flow
calculation is dependent on the number of nodes
present in cast component model, and not on the whole
geometrical model. From Table 2.8 it is evident that the
total number of time-steps also depends on the mould
withdrawal rate; it decreases with increasing mould-
withdrawal rate. Hence, the total run time decreases with
faster mould withdrawal.

Thus, the total time taken in the simulation is given by
the time taken in view factor calculations (t ) added to
thermal calculation time (t, + t;). This is the time which
has been mentioned in the Table 2.6.

t=t, + tvf +tﬂ Eq.2.13
The first view factor is calculated as soon as the solution
starts and successive calculations commence as the
moulds come down. The total number of view factor
updates (nvfu) can be found by dividing the distance
traversed by mould (D) by the distance interval for
update (d).
n,=4% Eq.2.14

Hence, the total number of view factor calculation is given
by adding one to the number of view factor updates.
Hence, we can write:

n,=n,+1 Eq.2.15

The time taken in the view factor computation can be
written as:

tvf = nvf X tvf,one Eq216
Table 2.9. Number of time steps in different runs.
Mould withdrawal | Process time | No. of Time Steps (except
rate(mm/min) (s) view factor calculation)
3 7300 9800
6 4500 6240
9 3500 5030

The distance that the mould traverses in our simulation
is 280 mm. From the Table 2.4, Table 2.5 and Table 2.8 it
can be noted that for an increase of ~78% (from 26,527
in set 2 to 47,164 in set 1) in surface elements and of
~131% (from 2,490 in set 2 to 5,764 in set 1) in enclosure
elements, the time taken to compute the view factor in
one set increases three times. Thus it is evident from the
Tables 2.7 and 2.8 that view factor calculation consumes a
substantial proportion of time out of the whole run time.

From the above discussion it is evident that normally
the simulation run time is independent of the processing
temperature. However, the simulation run time changes
if the number of nodes on which the temperature load is
given is changed, even if the total number of nodes and
elements in the geometry remains the same. This is true
with every load, though this was not applicable in our
case.

2.2.5. Analysis of the results

After the simulations were completed, thermal
evolution, thermal profile, thermal gradient, cooling
rate and solidification speeds were computed for
different simulation runs and the effect of view factor
update frequency was studied. The effect of processing
parameters (viz. mould withdrawal rate and mesh size)
on the sensitivity was also studied.

3. Results and Discussion

The results are discussed in two parts. The effect of view
factor update on various parameters of solidification has
been considered first. The effect of process parameters
and mesh size on the sensitisation has been discussed
subsequently.

3.1. Selection of point and profile

In author’s previous report [24], it was discussed in detail
about the selection of profile for analysing the results. The
same scheme has been used here. The rod profile used is
the profile located on the central axis of rod. This has been
shown in in Fig. 3.1 (a). Three points have been chosen
for discussion. The first point is just above the starter
(i.e. at 15 mm from the chill plate), the second point
is the midpoint of the rod (i.e. at 90 mm from the chill
plate) and the third is at the top of the rod, just below the
meeting point with the gate extending from the pouring
cup (at 162 mm from chill plate). Fig.3.1 (b) shows the
location of these three points. While analysing the results,
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only casting component has
been studied. The casting parts
of sprue rod, gates and pouring
cup have not been considered.

3.2. Effect of VFUI(VFUI)

A change in VFUI is expected
to have a direct effect on
heat exchanges with external
ambience through radiation.
This, in turn, would affect
the temperature profiles and
solidification parameters
such as cooling rates, thermal
gradients and solidification rates
that is achieved in simulation. A (a) (b)
frequent update of view factor Fig3.1 : (a) Selection of
is in complete agreement with the profile, (b) The three
the real radiation effect of the Pointsonrod

heating or cooling atmosphere and other radiation heat
exchanges; on the other hand, a delayed update with
longer period fails to explain this effect.

Point C

Point B

Point A

In the following sections the effect of update interval on
the factors mentioned above is going to be qualitatively
analysed. Since a frequent view factor update also means
a longer simulation time, the selection of an optimum
view factor update frequency value has been made in
such a way that the computation time is not extremely
long as well as the accuracy of the computed values is not
significantly compromised. All the results in this section
pertain to mesh set 1 with a processing temperature of
1450 °C and mould withdrawal rate of 6 mm/min.

3.2.1. Effect on thermal evolution and thermal profile

Inourdiscussion,theexitofanypointsay Ahasbeentreated
in a particular manner. During its exit the point has to pass
through the thickness of the exit baffle. When the point
touches the start of the exit baffle, we will call it as the start
of exit of the point or that the point has started to come out
[< this sentence can be further simplified /shortened;
please rewrite]. When the point leaves the end of the
exit baffle, we will mark it as the completion of exit and
say that the point is fully out of the furnace. The times
corresponding to the start and end of exit are called as
the time of start of exit and time of end of exit, and the
time taken in completing the exit is the time taken for the
point to traverse the distance equal to the thickness of the
exit baffle. In the present case, it is 13 mm (thickness of
the baffle) divided by the 6 mm.min-1 (withdrawal rate),
which comes to 130 seconds.

It can be seen in the figure that till this time (i.e. 1200 -
1350 s) there is absolutely no effect of VFUI on thermal
evolution and the curves corresponding to different
intervals superimpose on one another. This is a clear
indication that up to this height of casting, i.e. point A

IIM METAL NEWS Vol. 25 No.9 September 2022

remaining just inside the furnace, conduction through the
chill plate is the dominant mechanism of heat dissipation.
This is expected because of the fact that the point A is
very close to the chill plate and the dominant mode of
heat loss is conduction.

The temperature variation with time for point A
using different update interval has been shown in
the Fig.3.2a. The times corresponding to completion
of pouring, starting of mould withdrawal and exit
of point A have been marked in the plot. During
the exit, Point A starts coming out of the furnace at
t=1350s.

[ 1800
Pouring complete and ;
1500 withdrawal starts 5
Point A starts to come
1200 “\ /out of furnace, t = 1350 20
Point A is fully out of

the furnace, t = 1480 s

Selected portion
\ for zoom in
T=400°¢ :

t={3000-5—

o 800 1800 2400

TIME(sec)
(a)

wo i | Although the effect of
s view factor update on
: heat extraction at point
A becomes appreciable
the moment point starts
—| coming out of the furnace,
T M ™™™ the effect becomes

(b) appreciable only after it
Fig.3.2 : Thermal evolution at the comes out completely.

point A in the component (a) the
full history and (b) close-up view The effect becomes more
apparent as the mould

of a selected portion.

3200 4000 4800

keeps on coming out further; indicating the dominance
of radiative heat transfer over conduction. This happens
for about 3000 s and by that time the mould has been
lowered by 180 mm (Fig.3.2 (a)). By this time point A
has attained a low value of ~400 °C and the difference
between this and the cooling atmosphere is not very
large. Since the radiation effect is dominant at higher
temperature differences (being a function of fourth
power of the temperature as against conduction which is
the function of the temperature) and due to the fact that
this is the point which is very near to the chill plate where
conduction is very strong, the radiation starts being
dominated by the conduction heat transfer. Subsequently,
the difference between the curves corresponding to
different VFUISs starts becoming negligible.

An enlarged view of the temperature profiles of the
location encircled in Fig. 3.2 (a) is shown in Fig.3.2 (b).
The figure shows that the temperature recorded is
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higher as the update interval is increased. For example,
at time t = 2020 s, the temperature of point A is 744 °C,
when a view factor update of 20 s is considered; this is
significantly higher than the value (700 °C) at VFUI of
1. This is due to the fact that at higher intervals of view
factor, the computation is not able to fully capture the
effect of heat dissipation.

Unlike point A, point B is much farther from the chill plate.
As a result, the heat transfer at this point is not expected
to be dominated by conduction and significant amount
of radiative heat transfer can be expected. The effect
on thermal evolution at the point B has been shown in
Fig.3.3. The initial behaviour of this is same as the point A:
the appreciable difference appears only after withdrawal
by 15 mm and the temperature is ~1425 °C. The point is
still inside furnace and starts coming out of the furnace
att=2100 s and is fully out by 2230 s. By this time the
difference between the various curves is well established
(a closer picture is presented in Fig.3.3 (b)), showing that
the primary mode of heat dissipation is radiation.

[ 1800

Pouring complete and ;
withdrawal starts 5
Point A starts to come
/out of furnace, t = 1350 20
! Point A is fully out of
the furnace, t = 1480 s

1500

-
)
o
o

Selected portion
for zoom in

Temperature(C)
2 8
o o

T = 400°¢
300
t=3000s
AD 800 1600 2400 3200 4000 4800
TIME(sec)
(a)
difference in

o .| The
= temperature at point B at
2750 s corresponding to
view factor intervals of 1
and 20 is as large as 36 °C,
as evident from the enlarged
view shown in Fig.3.3 (b).
(b) The effect of view factor
Fig.3.3 : Thermal evolutionatthe jpterval on temperature
point Bin the component (a) the - ., jation ot point C with
full history and (b) close up view ', . L.
of a selected portion. time is also very similar to
that observed at point B, as
evident from Fig.3.4. The effect on thermal evolution at
the point C has been shown in Fig.3.4. The point starts
leaving the furnace at t = 2690 s and is fully out by
2820 s. Though the difference is present right from the
point of time when point A and B started experiencing,
but it becomes maximised only when the point comes
out. This difference continues till the end, showing that
the conduction has relatively a very weak role to play
hereafter.

Temperature(C)
L

28 8 8

H

920/

%oo 2650 2700 2800 2850 2900
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TIME(sec)
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1
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Table 3.1 shows the values
of temperature difference at
the three points for different
VFUIs. The temperature
at VFUI 1 was taken as the

Temperature(C)

reference

*%00 3280 3300 3360 3400 3460 3800 3650 3600
TIME(sec)

(b)
Fig.3.4 : Thermal evolution at the
point C in the component (a) the
full history and (b) close up view

temperature
while calculating the
deviations. The deviation
in temperatures for a given
time in temperature-time
plot obtained for all the view

of a selected portion. . .
factor intervals with respect

to the lowest view factor interval (VFI = 1) for all three
points are provided in Table 3.1 (b). The corresponding
temperatures at all three points are given in Table 3.1 (a).

Table 3.1. Temperature difference due to higher update
intervals (a) the temperature values, and (b) the
difference values.

(@

Temperature measured using
Point different update intervals
1 2 5 10 20
(t—ZgOO 5) 710 | 712 | 719 | 731 | 754
(t= 2];50 5 988 | 991 | 998 | 1012 | 1028
(t-3200 s) 1152 | 1155 | 1162 | 1174 | 1196
(b)
Temperature measured using different
Point update intervals
1 2 5 10 20
A
(t=2000s) 0 2 9 21 44
B
(t=27505) 0 3 10 22 40
(= 3200 9 0 3 10 22 44

The time at which the temperature values have been
taken are also marked in Figs.3.2 (b), 3.3 (b) and 3.4
(b). These times are a fair representative of the nature
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of temperature versus time curves as these curves are
almost parallel. The variation of temperature deviation
with VFUI (VFUI) is plotted in Fig.3.5.

50

PointA
Point B
40 PointC

30 4

20 4

Temperature difference (°C)

0 5 10 15 20 25

View factor update interval (mm)

Fig.3.5 : Trend of temperature difference due to higher update intervals

It is observed in the figure that the deviation increases
almost linearly with increase in VFUIL More interestingly,
the temperature deviation value for any VFUI (with
respect to VFUI = 1) is almost the same for all three
points. For example, the deviation is 22 °C for VFUI =
10 for the points A, B and C (Table 3.1 (b)). This is to be
expected considering the fact that the times at which
deviation values have been taken corresponds to time
when the points are completely outside the furnace and
the temperature difference remains almost the same.

Fig.3.6 shows the central axis of the rod (the white line)
for which profiles of different solidification parameters
have been evaluated. This figure shows the location of the
exit baffle marked by line z,. Here, the portion of the rod
left to the line z, represents the portion that is out of the
furnace, while the portion right to the line z, is inside the
furnace. Variations of different solidification parameters
along the rod axis can be plotted and these are called
profiles. These profiles are the diagrams of solidification /
thermal properties plotted against the distance traversed
along the rod; this distance is measured as height from
the chill plate which is at the bottom of the rod. These
profiles depict the variation of temperature (or any other
solidification / thermal property as the case may be)
along the rod at a particular instant of time.

awal direction

=

z,, lower limit of the zone

Rod profile

z,, baffle position
z,, upper limit of

Exit baffle

o
o
=
=
=
o
=
w
o
a
o
2
3]
N

Fig.3.6 : Schematic of rod profile and baffle location.

Thermal profiles are shown in Fig.3.7 to Fig.3.10. These
profiles belong to different times corresponding to
different mould withdrawal heights. Fig.3.7 shows the

profile when mould is 20 mm out of the furnace, i.e. zZ,=
20 mm in Fig.3.6. Fig.3.7 (a) shows the thermal profiles
in general and Fig.3.7 (b) shows the enlarged view for
the encircled region of Fig.3.7 (a). It can be seen that the
thermal profiles for different VFUI are very close to each
other and a closer look suggests that the temperature
difference between the profiles with VFUI of 1 mm and
20 mm is of the order of 15 °C. This is expected as at this
point of time, the mould is largely inside the furnace and
therefore, getting enough heat from the furnace. Further,
conduction is the main heat dissipation mechanism at
this early stage of directional solidification in investment
casting process.

withdrawal height of 50 mm
and 100 mm respectively.
In these figures the thermal
profiles corresponding to
_ (b) _ different VFUI-s are widely
Fig. _3.7 : Temperature profile spaced as compared to the

at different VFUI when mould
is 20 mm out (a) for the whole €aS€ when the mould was
rod, (b) for the encircled region lowered by 20 mm (Fig.3.7).
This suggests that the effect

1
)ﬁ/’ﬁ*“”(’i_f:
\ T,=1380°C— 5
M T,=1279°C| 20
% End of solidification
=3
® 1100 Onset of solidification
g
9
900
7“‘ 12 15 18
Dlstance(cm)
(@)
Fig.3.8 and Fig.3.9 show
s /// the thermal profiles
L / "¢ | corresponding to mould
g 20

=
1150 //
nuu/

1080

225 25 275 5 35 375 4

3
Distance

of (a).

of radiative heat loss begins to dominate with increasing
withdrawal. There is another distinct feature in these
figures: there is a zone, shown by the length bounded by
lines z, and Z, where the difference between the profiles
is the maximum. As we cross the line z, and move to the
right, the difference between the profiles increases and
after some distance it reaches a plateau. Upon crossing the
line z, in right direction, the difference starts vanishing
and is the minimum towards the end. Physically this
means that there is a zone on the rod which covers the
regions above and below the exit baffle location where
the temperature difference is the maximum. This is the
zone where heat dissipation due to radiation is most
pronounced. The two lines z, and z, define the boundaries
of this zone. This zone and the lines zZ,Z, and z,are also
shown in the Fig.3.6.
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As we move up the rod and cross the boundary z,, the
heat dissipation due to radiation becomes negligible.
As a result, the effect of VFUI becomes very low and
temperature vs. distance plots in Fig.3.8 and 3.9 lie close
to each other. In the same manner as we go down the rod
and cross the line z, the radiative dissipation weakens
due to low temperature of the component, leading to
lower differences with the radiating atmosphere.

1500 —
— —2
1300 _ T =1380°C |-5
_ Y T.=1279°C
(&) /
€ 1100 4
£ A
g’ 900 // g 8
£ I = =
Jls o |12 |s -
700 / E £ |:_§ § 2
$° Isle
n! ~N N
9% 3 6 9 12 15 18
Distance(cm)
(@
A likely quantitative
— | description of the radiative
P // .
£ = 1| heat input from the furnace
§ S = ;
g Zz *| totheupperand middle ends
- / 20

of the rod and dissipative

heat output from lower

¥ ¢ oeme = ‘| end to the atmosphere is

_ (b) _ provided below (assuming

Fig.3.8. Temperature profile at 1), f4]]owing representative
different VFUI when mould is

temperatures: furnace ~

50 mm out (a) for the whole

rod (b) for the encircled region 1450 °C, upper rod ~ 1400
of (a). °C, mid rod ~ 1300 °C, lower
rod ~ 800 °C and atmosphere ~ 200 °C).The calculations
that follow show that the radiative heat effect is almost
three times stronger in the middle portions of the rod

as compared to the upper and lower portions of the rod.
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This is why the difference between the temperature lines
increases in this segment of the rod.
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At 200 mm withdrawal, the mould is completely out of
the furnace. The thermal profile at this instant is shown
in Fig.3.10. It is evident that the difference between the
temperature curves corresponding to different VFUI
continuously increases right from the bottom of the rod
to the top end. This effect of VFUI on the thermal profile
along the rod, when it is completely out, is expected
considering the fact that the temperature of the rod
increases across the length of the rod and, therefore, the
effect of radiative heat loss from the rod to environment
would also increase.

che—'rod,mid

Temperature(C)

T s 2

g 05
Distance(cm)

g B 1z
Distance(cm)

(@) (b)
Fig.3.10 : Temperature profile at different VFUI when mould is 200
mm out (a) for the whole rod, (b) for the encircled region of (a).

Table 3.2. Temperature deviation due to higher update intervals
Mould withdrawal | Temperature deviation at different
(mm) values of VFUI
1 2 5 10 20
20
(=30 mm) 0 1 5 9 14
50
(z = 45 mm) 0 1 10 20 48
100
(z= 75 mm) 0 4 9 25 47
200
(=105 mm) 0 4 8 18 40

mould at 20 mm
mould at 50 mm

mould at 100 mm
40 4 mould at 200 mm

50 4

304

20 4

Temperature difference (°C)

0 5 10 15 20 25
View factor update interval (mm)

Fig.3.11 : Trend of temperature deviation at different mould
withdrawal heights due to higher update intervals

The Fig.3.7 to 3.10 show that using a higher VFUI shifts
the temperature-distance plots upwards. The maximum
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upward shift, in terms of temperature difference, for the
curves corresponding to VFUI of 2, 5, 10 and 20 mm with
respect to the curve for VFUI = 1 are mentioned in Table
3.2. The distance points at which these values have been
taken are indicated in the tables. These distance points
fairly represent the nature of temperature deviations
shown in Fig.3.11. The temperature difference shows a
fairly linear variation with VFUL Itis clear from this figure
that the temperature deviation caused by increasing
VFUI rises, especially for the mould withdrawal values
above 20 mm. This figure underlines the importance of
choosing a low enough value VFUI for computation in
order to minimise the error in temperature and other
related parameters related to solidification.

3.2.2. Effect on mushy zone

The study of mushy zone can reveal the effect of different
thermal exchanges with further details. The variation in
solid fraction with time for the three points A, B and C
are shown in Fig.3.12. The graphs in these figures depict
the variation of solid fraction with time. For complete
liquid phase fs is 0, for complete solid phase fs is 1 and the
region 0 < f < 1 represents the mushy zone where both
solid and liquid are present. The start of solidification
(t), the end of solidification (t) and solidification time
(At) are indicated in the Fig.3.12 (a). The liquid phase,
the mushy zone and the solid phase are also shown here.

It is observed that the f versus time plots for point A
under different update intervals superimpose each other.
In all the cases, the solidification at point A starts at the
same time, t ~ 1227 s, ends simultaneously at t~ 1295s
and the solidification time is At ~ 68s. In other words,
the solidification at point A gets completed while the
point is still inside the furnace (i.e. above the baffle).

As the point comes out of the furnace only after 1480
s (see Fig.3.2 (a)), the effect of view factor at point A
becomes apparent only beyond 1480 s, long after the
solidification is complete. During solidification process
(over which f changes with time), the dominant heat
transfer mechanism at point A is conduction through the
chill plate as this point is very close to it and radiative
heat transferis negligible. As a result, no effect of VFUI in
terms of fs vs time plot is observed for point A and all the
curves superimpose over each other.

But, thisisnotthe case with points B and C, which are away
from the chill plate as compared to point A. Therefore,
heat transfer at these two locations is dominated by
radiation for a significant length of time.

The solidification starts at t, ~ 1820 s and t~ 2420 s at
points B and C respectively for VFUI = 1. From Fig.3.3
(a) and Fig.3.4 (a) it is noted that the onset of thermal
difference is as early as 1600 s at these points. Hence,
the start and end of solidification commence at different
times at the points B and C under different VFUISs.
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Fig.3.12 : Solid fraction profiles for (a) Point A, (b) Point B, and (c) Point C

The curves for higher update intervals lie at the right side
relative to those of low update intervals; the solidification
starts later where the capture of heat dissipation effect is
lagging as shown in Fig.3.12 (b) and (c). This is in direct
relation to the higher placement of temperature curves
corresponding to higher update intervals in Fig.3.3 (a)
and Fig.3.4 (a). Further, since in the solidification regime
the slopes of different temperature curves are changing
to some extent relative to each other, the solid fraction
curves are not fully parallel to each other and hence
the time taken for solidification is different at different
update intervals.

The onset of solidification as well as the solidification
time are given in Table 3.3 and plotted in Fig.3.13. The
plot shows that at higher update intervals the onset
time of solidification and solidification times are longer,
indicating a slightly longer mushy zone when radiation
effects are not so frequently captured. The changes
in solidification start time and solidification time of
different points, as given in the Table 3.3, are also in
complete agreement with the nature of data presented in
the Table 3.1.

Solidification profiles at different mould withdrawals are
shown in Fig.3.14. These profiles show the variation of
fraction solid with the length of the rod indicating the
solid, liquid and mushy portions of the rod. The onset of
solidification is marked by the line p, and end is marked
by the line p_. Thus, the regions on rod which lie left to
the line p_is completely solid, the region which lies right
to the line p, is completely liquid and the region bounded
by the two lines represent the mushy zone where liquid
and solid phases coexist. The three regions are shown in
the Fig.3.14 (a).

IIM METAL NEWS Vol. 25 No.9 September 2022 19



Metallurgy

e Metallurgy

e Materials Engineering

Materials i ing

Table 3.3. Solidification at different point under different
update intervals (a) onset, and (b) solidification time.
(@)

Point Onset of solidification at different VFUIs (s)
1 2 5 10 20
A 1227 1227 1227 1227 1227
B 1830 1840 1850 1875 1885
C 2420 2425 2430 2450 2500
(b)
. Solidification time at different VFUIs (s)
Point
1 2 5 10 20
A 68 68 68 68 68
B 295 305 335 350 380
C 390 415 440 490 500
I

2400

Point A|
Point B
PointC

20004
18004 —

16004

Solidification start time (s)

14004

12004

0 5 10 15 20 25
View factor update interval (mm)

(@

4504 /——4
400

350 ] /,//
300

—— PointA

—— Point B
200 —— PointC

Solidification time (s)

o 5 10 15 20 25
View factor update interval (mm)

Fig.3.13 : (a) Onset of solidification and (b) Solidification time, at
different points under various update intervals

The length of mould withdrawals considered here are
20 mm, 50 mm and 100 mm; 200 mm is not considered
here because by this time the complete rod is solid. It is
observed from Fig.3.14 that at a particular instance (or at
a particular length of mould withdrawal) the mushy zone
is located lower on the rod at higher update intervals.

This result can also be derived from the temperature
profiles shown in Fig.3.8, where it is observed that the
thermal profiles corresponding to higher update intervals
are located higher and left as compared to the profiles
related to lower update intervals. It means that the
liquidus and solidus lines intersect the profiles related

to higher update intervals prior to the intersection with
profiles related to lower update intervals. As a result the
mushy zone comes down the cast rod.
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Fig.3.14 : Solidification profiles of rod when mould is (a) 20 mm
down,(b) 50 mm down, and (c) 100 mm down

Table 3.4. Mushy zone features (a) position of mushy
zone, and (b) mushy zone width.

(@)

Mould
withdrawal (mm)

Position of mushy zone w.r.t. baffle at
different VFUI (mm)

1 2 5 10 20
20 4.3 4.1 4.0 3.7 3
50 -3.8 | -40 | -5.2 -7.4 -10.9
100 0 0 -1.8 -5.0 -9.6
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(b)
Mould Mushy zone width at different VFUI (mm)
withdrawal 1 2 5 10 20
(mm)
20 43 41 4.0 3.7 3
50 -3.8 -4.0 -5.2 -7.4 -10.9
100 0 0 -1.8 -5.0 -9.6

Mushy zone location and its width at a particular mould
withdrawal have been given in Table 3.4 and plotted in
Fig.3.15. The positional variation of mushy zone on the
rod with VFUI for any given withdrawal rate is consistent
with the effect of VFUI on the temperature variation along
the rod shown earlier in Fig.3.7 to 3.9. At higher VFUI,
temperature vs. distance curve is pushed higher for any
withdrawal rate, which means that the corresponding
mushy zone moves closer to the chill plate, which is also
reflected from Fig.3.14.

_—

mould at 20 mm
mould at 50 mm
mould at 100 mm

Position of mushyzone (mm)

0 5 10 15 20 25
View factor update interval (mm)

(@)

30 4 mould at 20 mm
mould at 50 mm
mould at 100 mm

24 4 \
22 4

Width of mushy zone (mm)

0 5 10 15 20 25

View factor update interval (mm)

(b)
Fig.3.15 : Mushy zone features (a) position of mushy zone, and (b)
mushy zone width.

3.2.3. Effect on solidification parameters

In this section the effect of VFUI on solidification
parameters such as thermal gradient (G), cooling rate
(L) and solidification front speed (R) is discussed. The
calculation of these parameters, their general nature and
significance have been discussed in author’s previous
publications [15, 23]. The change in behaviour of these
properties under the application of different view factor
update parameter will be elaborated here.

The solidification parameters have been computed at
1350 °C. In other words, as the temperature of any point

along the rod axis shown in Fig.3.6 reaches 1350 °C, the
parameters are calculated. Fig.3.16 and Fig.3.17 show the
variation in axial and radial thermal gradients along the
central axis of the rod under different VFUIs.

The thermal gradients are linked to the thermal
evolution; therefore the factors affecting the thermal
profile of the rod would also be evident in the thermal
gradients. It is observed in Fig.3.16 that the axial thermal
gradient (G ) curves for update intervals 1 mm, 2mm and
5 mm lie very much over each other and there is slight
deviation in case of update-interval of 10. However, the
curve corresponding to 20 mm update-interval shows
significant deviation difference.
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Fig.3.16 : Effect of update interval on axial thermal gradient.

The thermal gradient s calculated by computing the slope
of tangents to the temperature profiles shown in Fig.3.7
to Fig.3.10 at a particular point, 1350 °C in our case.
Fig.3.18 shows the thermal profiles of the two points D
(at a height of 50 mm) and E (at a height of 100 mm) at
update-interval of 1 and 20. These points are shown in
Fig.3.16.
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Fig.3.17 : Effect of update interval on radial thermal gradient.

The profiles belong to different point of time because the
points D and E reach 1350 °C at different time instants.
It is observed that while intersecting the abscissa for T =
1350 °C, the curves for 20 mm update interval are slightly
flatter as compared to 1 mm curves. Hence, the gradient
at 20 mm interval update is supposed to be lower. It
indicates that at higher update intervals the accuracy
in calculating thermal gradients is lost, the bigger the
interval the bigger the inaccuracy. Fig.3.17 shows that the
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accuracy of radial thermal gradient is lost considerably in
case of 10 mm update-interval, and even grossly with 20
mm update-interval.

e PointD, 1 mm update
=C PointD, 20 mm update
PointE, 1 mm update

4 5 [ 7 a8 ] 10 11 12
Distance(cm)

Fig.3.18 : Computation of thermal gradient from temperature
profiles.

The effect of VFUI can also be seen in terms of cooling
rate along the length of the rod. Cooling rate has been
plotted as a function of distance from chill plate along
rod length in Fig.3.19. The cooling rate is calculated by
computing the slope of tangents to the temperature
curves shown in Fig.3.2 to Fig.3.5 at 1350 °C. As expected,
large VFUI-values such as 10 and 20 mm have a significant
effect on the accuracy of the cooling rates as the curves
corresponding to such high VFUI show large fluctuations,
while the curves for 1, 2 and 5 are coherent. The initial
portions of the cooling rate curve are very much similar
as conduction is the main factor responsible for cooling in
the initial portions.
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Fig.3.19 : Effect of update interval on cooling rate.
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Fig.3.20 : Computation of thermal gradient from temperature
diagrams.

22

Fig.3.20 shows the thermal curve of the two points shown
in Fig.3.16. Tangents drawn to these curves at points D
and E are shown in Fig.3.20 which show that cooling rate
at point E is lower in case of 20 mm update interval as
compared to that in case of 1 mm update interval.

The effect of VFUI on solidification rate has been shown
in Fig.3.21. The solidification rate is expressed in terms
of the isotherm velocity, which is the velocity of the
isotherm at 1350 °C.
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Fig.3.21 : Effect of update interval on solidification rate.

The effect on solidification rate is similar to the effect on
cooling rate because of the fact that solidification rate is
directly proportional to the cooling rate and the thermal
gradient. The accuracy in capturing the solidification
front speed is also hampered badly at higher update
intervals such as 10 and 20 mm.

3.3. Effects of other factors on sensitisation caused by
VFUI

In the previous section, a detailed analysis on the effect of
VFUI on various solidification parameters in investment
casting has been carried out. In this section, the effect of
other factors on this sensitisation due to VFUI has been
discussed. Three crucial factors will be discussed; they
are the mesh size and process parameters like mould
withdrawal rate and processing temperature. Since the
solidification profiles and solidification parameters
are related to temperature, thermal consideration is
appropriate for a comparative study:.

3.3.1. Mould withdrawal rate

Mould withdrawal rate is an important process parameter
in investment casting of directional solidification process.
Table 3.5 shows the temperature deviation for the three
points A, B and C (Fig.3.1) for the simulations carried
out at three different mould withdrawal rates: 3, 6 and
9 mm.min-1. The temperature at VFUI = 1 is the base
temperature here. These values have been plotted in
Fig.3.22.

Table 3.5 and Fig.3.22 show that the sensitisation due to
VFUIis weakly affected by change in the mould withdrawal
rate. Though the lines for lower mould withdrawal effect
are placed higher, the difference between the two lines
is marginal. Further, this difference tends to disappear at
points located higher on the rod.
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Table 3.5. Effect of mould withdrawal rate on temperature
deviation due to higher VFUI (a) point A, (b) point B, and
(c) point C.
(@)
Mould Temperature deviation at different
withdrawal update intervals (°C)
(mm) 1 2 5 10 20
3 0 3 11 23 46
6 0 2 9 21 44
9 0 2 17 39
(b)
Mould Temperature deviation at different
withdrawal update intervals (°C)
(mm) 1 2 5 10 20
3 0 3 11 24 47
6 0 3 10 22 40
9 0 2 9 20 44
(9
Mould Temperature deviation at different
withdrawal update intervals (°C)
(mm) 1 2 5 10 20
3 0 3 10 21 44
6 0 3 10 22 44
9 0 2 9 19 44

3.3.2. Processing temperature

Processing temperature is another important process
parameter affecting the investment casting process.
This factor determines the heat input to the component
undergoing casting. Table 3.6 shows the temperature
differences for the three points A, B and C for the
simulations carried out at two different processing
temperatures: 1450 °C and 1525 °C. These values are
plotted in Fig.3.23.

As the above mentioned table and figure show, even the
process temperature does not significantly alter the effect
of sensitization irrespective of the locations (A, B or C) on
the rod.
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Fig.3.22 : Effect of mould withdrawal rate on sensitization

due to view factor update. a) point A, (b) point B, and

(c) point C.

3.3.3. Mesh size

Typically, a very coarse mesh would not closely capture
the various transitions in a simulation. A very fine mesh on
the other hand may be redundant and hugely increase the
computation time. In the present case, the effect of mesh
size on absolute temperature values and solidification
parameters has not been considered. Instead, its relative
effect on the influence of VFUI has been considered.
Table 3.7 shows the temperature differences for the three
points A, B and C for the simulations carried out at two
different mesh sets: set 1 and set 2. These values have
been plotted in Fig.3.24.

The Table 3.7 and Fig.3.24 indicate that the effect of
mesh size on sensitization due to VFUI is much stronger
in lower portions of the rod (point A). However, as we
go up the rod (point B and C) this effect reduces. If the
mesh is very coarse, the effect on this sensitization may
be larger due to very poor capturing of the solidification
phenomenon.

Table 3.6. Effect of processing temperature on
temperature deviation due to VFUI (a) point A, (b) point
B, and (c) point C.
(@)
Temperature deviation at different
update intervals (°C

1 2 5 10 20

1450 2 9 21 44

Processing
temperature (°C)

o

1525 0 2 10 23 45
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(b)
Processing Temperature deviation at different
temperature update intervals (°C)
(°C) 1 2 5 10 20
1450 0 3 10 22 40
1525 0 3 11 25 41
(c)
Processing Temperature deviation at different
temperature update intervals (°C)
(°C) 1 2 5 10 20
1450 0 3 10 22 44
1525 0 2 9 22 43
p—1525"C
5 40
g 30
E 20
z-;. 10
i 0
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g a0
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[ o
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l.] é 1.0 1I5 2.0
View factor update interval (mm)
(c)
Fig.3.23 : Effect of processing temperature on sensitization

due to view factor update. (a) point A, (b) point B, and
(c) point C.
3.4. The optimum update interval

In previous sections, the effect of VFUI on various
solidification parameters has been discussed. An update

24 IIM METAL NEWS Vol. 25 No.9

interval needs tobe chosenin simulation in such a way that
it would lead to the least inaccuracy in the computational
results. At the same time, the chosen interval should also
not disproportionately increase the computational time.
The solution run-times taken by different intervals have
also been shown in Table 2.6 and are plotted here in
Fig.3.25.

Table 3.7. Effect of mesh size on temperature deviation
due to VFUI (a) point A, (b) point B, and (c) point C.
(a)
Temperature deviation at different
Mesh size update intervals (°C)
1 2 5 10 20
1 0 2 9 21 44
2 0 2 7 16 38
(b)
Temperature deviation at different
Mesh size update intervals (°C)
1 2 5 10 20
1 0 3 10 22 40
2 0 2 10 22 36
()
Temperature deviation at different
Mesh size update intervals (°C)
2 5 10 20
1 0 3 10 22 44
2 0 2 9 22 42

A superimposition of this curve with the temperature
difference curve is presented in Fig.3.26. This figure
suggests that the VFUI of 5 mm can be accepted as an
optimum choice from the point of view of computation
time and accuracy (encircled region). At this update
interval the solution run time is not very large
(~ 15-30 h) and the captured radiative heat exchanges
are also acceptably accurate.
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Fig.3.24 : Effect of mesh size on sensitization due to view factor
update.(a) point A, (b) point B, and (c) point C.

Reducing the VFUI below 5 mm, say 1 mm, leads to a
temperature accuracy improvement of only 8-10 °C and
negligible improvement in the accuracies in thermal
gradient, cooling rate and solidification rate; however,
the computation time increases to 80 h from 25 h.
Therefore, at a VFUI of 5 mm, a substantial computation
time is saved without losing the accuracy in capturing
the solidification effects. In this analysis, since the effects
have been studied for different points located on different
parts of the casting, the choice of 5 mm as the VFUI can be
considered appropriate for all geometries.
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Fig.3.25 : Effect of view factor update on run time.
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Fig.3.26 : Superimposition of temperature difference and run time.

4. Summary

The present simulation has examined the effect of VFUI
in case of directionally solidified investment casting of
superalloys. VFUI values of 1, 2, 5, 10 and 20 mm have
been used for simulation. It is found that VFUI has a
marked effect on the thermal profiles and solidification
parameters. At values of high intervals such as 10 and 20
mm, the inaccuracy in capturing the results is large. At
intervals as low as 1 and 2 mm, the process simulation
time increases manifold. This limits the frequency to be
used during simulation.

Such simulations at different processing parameters
and mesh sizes reveal that the qualitative sensitisation
due to VFUI at all parameters and the used mesh sets
is retained with minimal quantitative change. However,
use of a very coarse mesh may greatly affect these results
because it fails to capture heat exchange especially due
to conduction in the lower parts of the component and
at initial solidification stage. Based on these simulation
results, a view factor update parameter of 5 mm seems
to be optimum as it saves considerable simulation time
without causing significant loss in accuracies in the
computation results.
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RINL achieves record turnover in FY 2021-22,
says CMD

Rashtriya Ispat Nigam Limited (RINL), the corporate
entity of Visakhapatnam Steel Plant, has achieved
a record turnover of Rs 28,215 crore in the 2021-22
financial year.

Presiding over the 40th annual general meeting of RINL
in Visakhapatnam CMD Atul Bhatt said the company
achieved earnings before interest, taxes, depreciation
and amortisation (EBITDA) of Rs 3,469 crore, marking a
growth of 148 per cent over the previous year.

"After six financial years, we have earned a positive Profit
Before Tax with a cash profit of Rs 1,923 crore in 2021-
22, thanks to the highest ever turnover," Bhatt said. The
CMD said RINL registered best-ever performance in all
important techno-economic parameters.

The Economic Times

DRDO conducts successful test flight of

VSHORADS missile

The DRDO successfully flight tested the Very Short Range
Air Defence System (VSHORADS) missile in Chandipur
off the coast of Odisha. The VSHORADS is an air defence
system designed and developed indigenously by
Hyderabad-based Research Centre Imarat of the Defence
Research and Development Organisation (DRDO).

“The DRDO conducted two successful test flight of the
Very Short Range Air Defence System (VSHORADS)

missile on September 27 from a ground based portable
launcher at the integrated test range, Chandipur, off the
coast of Odisha,” the defence ministry said in a statement.

"VSHORADS missile incorporates many novel
technologies including miniaturized Reaction Control
System (RCS) and integrated avionics, which have been
successfully proven during the tests," the ministry said.

Defence Minister Rajnath Singh complimented and
appreciated the efforts of DRDO and industry partners
and said this new missile equipped with modern
technologies will give further technological boost to the
armed forces.

The Economic Times

Tata Steel gets land allotment letter to set up Rs
2,600 crore plant in Ludhiana

Punjab Chief Minister Bhagwant Mann handed over the
land allotment letter to the Tata group for setting up its
maiden scrap-based steel plant at an investment of Rs
2,600 crore in Ludhiana. The move is aimed at giving
further fillip to industrial development in the state.

"We are committed for making Punjab a front runner
in industrial sector and this maiden investment by Tata
group in state is a step forward in this direction," IANS
quoted Mann as saying during meeting with delegation
led by Global CEO & Managing Director, Tata Steel Ltd, T.V.
Narendran.

The Economic Times
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Chapter Activities

Bhubaneswar Chapter

[IM Bhubaneswar Chapter organised the Brahm Prakash
Memorial Materials Quiz on 7th august, 2022 at SS
Bhatnagar Hall, CSIR-IMMT, Bhubaneswar. The winning
team was DAV Public School, Pokhriput, Bhubaneswar
and the runner-up team was from BJEM school, BJB
Nagar, Bhubaneswar. Over 60 attendees had witnessed
the Quiz competition.

’ L
The Indian Insgitute of Metals

Left to right : Shri. H.K. Tripathy,
Chairman, IIM Bhubaneswar
chapter, Prof. S. Basu, Director,
CSIR-IMMT with Winners team:
Mr. Soumya Subhrakanta and
Priyanshu Pritam Nayak, Std: XII,
DAV Public School, Pokhriput,
Bhubaneswar

Bhubaneswar, Sunabeda, Rourkela, Kanpur, Pune

Sunabeda Chapter

The Annual Metals and Materials quiz competition was
organised by [IM Sunabeda Chapter on 10th August 2022.
Six teams (each team comprising of two students) from
different educational institutions nearby Sunabeda have
participated in the quiz competition. Out of them two best

teams were selected so as to represent the chapter and
participate in the upcoming BPMMQ-2022 competition

IIM METAL NEWS Vol. 25 No.9 September 2022 31



e Metallurgy

e Materials Engineering

Materials Engi ing

organised by The IIM Kalpakkam Chapter. Winners were
awarded by Shri Kallol Bhattacharyya, Vice- Chairman,
[IM Sunabeda Chapter.

Rourkela Chapter

IIM Rourkela Chapter organised the Science Quiz-2022
with special focus on the role of Materials Sciences and
Metallurgy in human civilisation, ancient archaeology,
industrial engineering and technology developments at
Rourkela Club on 28th August, 2022. Students of class
XI and XII forming 20 groups from different schools of
Rourkela participated in the Quiz.

Sri Shivam Singh and Sri Ayushman Dash from Dr. ANK
DAV School were adjudged the winning team and Sri
Yashovardhana Kiran and Sri Aman Singh from Delhi
Public School was declared the runners- up team.
These two teams were nominated for participating the
final event (BPMMQ 2022) held at Kalpakkam. Mr. S R
Suryawanshi, ED (Works) and Chairman, IIM Rourkela
Chapter was the Chief Guest of the programme and he

SciencejQuiz

Kanpur Chapter
Prof. N. K. Batra Metals & Materials Quiz - 2022

The annual Prof. N. K. Batra Metals & Materials Quiz-2022
was jointly organised by the Dept. of Materials Science
and Engineering, IIT Kanpur and IIM Kanpur Chapter
on September 3, 2022 at IIT Kanpur. The quiz witnessed
enthusiastic participation from 27 teams representing 14
different schools in Kanpur. This annual event is for the
students of Class XI and XII, and is aimed at inculcating
their interests in Materials and Metallurgical Engineering.

The event started with the welcoming address of Prof.
Kallol Mondal, Head, Dep of Materials Science and
Engineering, IIT Kanpur. In his address, he highlighted
the contributions of late Prof. N. K. Batra, and this quiz is
named after him. Prof. Amarendra Kumar Singh, Chairman
[IM Kanpur Chapter, also extended a warm welcome to
all the participants and described about [IM and the quiz.
Prof. Abhay Karandikar, Director, IIT Kanpur talked about
the importance of materials and inaugurated the quiz.
The successful conduction of the inaugural program was
done by Prof. Sudhanshu Shekhar Singh, Secretary of [IM
Kanpur Chapter.

As a part of the event, Prof. Manoj K. Harbola (Professor,
Department of Physics, IIT Kanpur) delivered a talk

on “Entertainment with materials around us”, where
he showed various experiments on materials used in
day-to-day life. An exhibition was also organised by the
students of MSE department wherein several models,
such as organic light-emitting diodes, simulation-
based experiments, crystal structure models, etc., were
demonstrated to the students and teachers.

Mr. Anuz and Mr. Om Upadhyaya from Kendriya Vidyalaya,
IIT Kanpur bagged the first position in the Prof. N. K.
Batra Metals & Materials Quiz 2022. Mr. Harsh Jha and
Mr. Abhay Chandra of Delhi Public School, Azaad Nagar,
Kanpur were the runners-up.

-

Prof;N:jK#}Batra Metals:&ﬂ:;ter{a_lsQgi37;022 @IITyKanpur,

Pune Chapter

[IM Pune Chapter organised Prof. Brahm Prakash
Memorial Materials Quiz 2022 on 3rd Sept 2022. A total
of 100 teams from 33 colleges & institutes registered for
the quiz. Prof. S. P. Butee, HoD, Dept. of Metallurgy and
Materials Science, addressed the participating students
& teachers and briefed about Metallurgy & Material
Science Engineering. Mr. Lalit Pahwa, Chairman, IIM Pune
chapter, welcomed the participants and briefed on Prof.
Brahm Prakash Memorial quiz and different activities
carried out by Pune chapter. Dr. Bhanu Pant from Kalyani
Centre for Technology and Innovation (KCTI), Pune, was
the chief guest of this event. He enlightened the students
on metals in Aerospace and interdisciplinary approach in
today’s era. The talk was very much appreciated by the
students.

The winning team was Yogesh Kshirsagar & Tushar Banne
from Fergusson college and the runners-up team was
Pratik More and Krushna Mote from Dhage’s chemistry
classes. The winning teams were awarded certificates by
Dr. Pahwa and Prof. Butee.

The program concluded with a vote of thanks by IIM
student body general secretary Aditya Kuge from Dept. of
Metallurgy and Materials Science, COEP.

A

BPMMQ 2022@ Pune CHapter®
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houses. But it was stronger dreams and ambition that made
us venture into the core sectors of Steel, Energy, Cement
and Infrastructure. Our strength, state-of-the art technology
and excellence in execution have helped us grow and that
has helped India grow multi-fold. By harbouring dreams of
transformation, focusing on sustainability and a philosophy;
to give back to the country, the JSW Group is making a
better world every day.
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Tata Steel is constantly exploring new frontiers of advanced materials to move towards
an innovative and sustainable future. Our range of future-ready solutions crafted with
composites are best suited to meet the evolving needs of core industries.

Mine Sleepers Fencing & Movable Conveyor Guards Gratings Railway Windows
Barricades

NEW MATERIALS BUSINESS
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