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ABSTRACT

Theorelical and cxperimental investigations have been carried out on different
casting syslemns. In the theorelical investigations, the casting variables used are
casting thickness, superhcat of molten metal, initial mould temperature, mould
thickness, and interfacial heat transfer coefficient. It is found that solidilication timne
decreases with the increase of mould thickness upto & critical value, called semi-
infinite mould thickness. Furiher up, above the critical value, the solidification time
is not affected by the mould thickmess, With the varialions of casting material,
mould material, superheat of molten meial, interfacial heat transfer cocfficient
(HTC) and initial mould lemperature, the solidification iime has been estimated
using the semi-infinite mould model and found that, with any combination of
casting and mould variables, it increases linearly with interfacial thermal resisiance.
It is also found thal the solidification time incrcases with (he increase of casting
thickness, superheat of melten melal, and initial mould lemperature quadratically.
To validate the model, aluminium castings are cast in  semi-infinite sand mould.
Using Beck’s non-linear estimation procedure the interfacial heat Mux (HF) and
mterfacial HTC are obtained. Taking average HTC, the castings are simulated. The

experimental results are in good agreement with the simulated resulls.

The experimental works have been done using mclal moulds to evaluale the
unknown heat transfcr at the casiing-mould interfuce, Three shapes of castings,
namely bar-shape, plate-shape, and cylindncal-shape, are used to find ihe elfecls of
superheat, chill thickness, casling thickness, and initial mould temperature.
Commercially pure aluminium has been used as casting material. The ellects of
superheat (43-140 C) and chill thickness (24mm, 47mm and 70mm) have been
studied using bar shaped {1-Bar and 3-Bar) sand mould casting with cast iron chill
al the end. Plate shaped casting is used to find the cfects of superheat (90 -290 C)
and casting thickness (68mm, 52mm and 36mm). The effects of superheat and
initial mould temperature are investigated using cylindrical casting. Gray cast iron
has been used as mould materials for both plate shaped and cylindrical shaped

castings. Kiethly 740 Scan Thermomcter and IEE488 inlerfacing card are used to



obtain termperature of the casting and mould at various locations at an interval of 1
sec. The interfacia) heat flux has been estimated by Beck’s non-linear estimation

procedurs.

The temperature of the inner surface of the mould or chill initially increases at a
faster rate (or higher superheat and higher initial mould temperature. Chill thickness
or casling thickness initially does not affect the rate of increase of lemperature of
the inner surface of mould. The eflect of chill thickness on the inner surface
temperalure 15 only observed when the heat from the interface reaches the outer
surface of the chill or mould and due to increasc of outer surface temperature, the

temperature gradient at the inner surface of the mould reduces.

For all casting systems, that is, for all shapes of castings, with the vanations of
superheat, casting thickness, chill thickness, and imitiul mould temperature, HF is
found (o increase from a low value to a peak value (HFmax)}. The HFmax is
oblained at the end of filling due to maximum metallostatic pressurc. HFEmax
increases wilh the increase of superheat and initial mould temperature. The chill

thickness and casting thickness are found to have ne effect on HFmax.

The effect of superheat on HF dirminishes with time from the end of fillimg. The
effect of chill thickness and casung thickness on HF is observed alter the occurrence
of HFmax. Higher HIY is found for higher chill thickness and also for higher casling
thickness.

The HTC is found to be higher for hipher superheat. Mo significant effcct of chill
thickness on HTC s observed.
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NOMENCLATURE

A - A point at the centre of casting

a - Constant

B- A point near the interface in casiing

b - Constani

{' - A point near ihe interface in mould /chill

), C; - Constants

€ - Specilic heat of liquid

Ca- Specific heat of meial

s - Specific heat of solid

CM- Casting malerial

CT- Casting thickness

ChT- Chill thickness

¥ - A point near the external surface in mouldfchill
13X- Space spacing

I3 1- l'ime spacing

G- Temperature gradient

gl, g2- Temperature jump distances

H- Enthalpy

HF- laterfacial heat MMux

HF,. Interfacial heat Nux due to metal-mould contact
HF, -Interfacial heat [Tux due to gas eonduction
HF, -Interfacial heal flux due to radialion

Hbmax- Maximum hcat flux

[IN- I1ardness of the softer material

HTC- Interfacial heat transfer coefficient

HTCs- Heat transfer coelficient due 1o metal-mould contact

HTC,- ieat transfer coefficient due to gas conductian



HTC,- Heat transfer coefficient due (o radiation
HTC,- Heat transfer coefficient at the external surface
HTCmax- Maximum heat transfcr coelficient
I- Upper limit of ¥, Equation [2.16]
ITR-Interfacial thermal resistance

K - Thermal conductivity

Km - Thermal conductivily of mouid

Kim - Ilarmonic mean of the thermal conductivity
K - Thermal conductivity of gas

k- Chvorinov’s conslant

I.- Lalent heat

1- Ordinal number of iteration

MM- Mould material

MT- Initial mould temperature

MMT- Mould thickness

M. - Modulus of casting

m- Small inteper

n; - Number ol sensor

np- Number of future temperature

Np - Number of parameters

P- Pressure

PT - Pouring temperature

- Number of future temperanre + 1

R- Growth rale

5- Cooling modulus

SDAS- Secendary dendrite arm spacing

SH- superheat (PT-TH)

T- Teinperaturs

T1 -Mcasurcd temperamure at point A



12 - Measured lemperature at point B
T3 - Measured temperature at point
T4 - Measured temperature at point D
Te- Casting surface temperature

‘I'm- Mould surface lemperature

Ta, AT, Ta - Ambient temperature

Tp Freezing point of metal

Ty - Imitial mould temperaiure

Ti. Interlace temperature

Al - Temperature drop at the interface
tr- Solidification time

L-Time

V- Volume

V- Volume of casting

¥ - Yolume o mould

VR - Yolume ratic of mould and casting
{¥/SA) - Local cooling rale

wi- The [irst order regulanzalion constant
w; - Weighing conslant for the temperature measurements from jth sensor
X1- Ihstance trom interface Ww point C
X2- Distance from interface to point D
x - Distance

%7 - Mould thickness

¥z - Coating thickness

¥ - Void spacing

Y- Measured temperature

o~ Thermal diffusivily

;- Thermal diffusivity of solid

Qn- Thermal diffusivity of mould



{i - Parameter

$- Sensiliviry cocfficient

£- Small value

£1 . Emissivity of casting

£2 . Bmissivity of mould

p- Density

Pm- Density of mould

1- Time index for temperature
(- Time index for temperature

o-Stefan-Boltzman constant



CHAPTER 1

INTRODUCTION

Foundry occupics an important position in the manufacturing industries. As a
method of fabrication, casting is the initial and primary process followed by
subsequent machming of the product. The iechnique of metal casting can offer the
advantages of {lexibility and low cost. Casting is a very traditional technology
which has been in existence for hundreds of years. In recent years, numerical
modelling of casting is receiving increasing intercst because of its  potential in
overcorming the expensive and time-consuming trial-and-crror experimentation.
Computer simulatien for the solidification of casting can offer o basis of predicting
the sclidification pailfern and parameters with preater aceuracy, efficiency and
economy, both in time and money than empirical methods, provided both numerical
model and themmal properies are suitably applied. The atlractive feature of CAD of
casting is that the casting design is reviewable ahcad of experimentation. CAD of
casting can offer a number of advantages: increased casting vicld, improved casting
quality, enhanced  productivity, easier Implementation and evaluation of
engineering  application, and enhanced ability to deal with batch production of

castings of different design.

Casting modelling can be used to desipn casting furnishing the location, and size
of sprues, gates, runners, and feeders, along with the orientation of the casting and
t select the process variables such as pouring temperature, and mould materials to
climinate the porosity, segregaiion, and cold shuts, and to predicl residual stresses,
Suitable location., propemics of materials, cooling modulus of feceder are very

essential o eliminate the piping in casting.

Casting modelling can alsc be used to estimate the parameters like local and total
solidification times, local cooling rate, temperalure gradient, growth rate, etc, These
paramneters are relaled to porosity, segregalion, grain size, grain siruciure, secondary
dendrite arm spacing (8DDAS), c¢te. I'he mechanical properties of a casting larpely

depend on the soundness of castings, SDAS and its microstructure. The



solidificalion time is very uscful 1o obtain sound casting. The location and size of
feeder, fluidily of metal, etc. affcet the soundness of casting. The location and size
of feeder are (o be such that it can supply liquid meial to compensate the shrinkage
of casting. The condition of supplying liquid metal is achieved by using higher
solidification time for feeder (han that of casting. Feeder sizc is generally estimated
on the basis of solidification time predicted by Chvorinoy's rule (1), Chverinoy’'s
rule assumes zero superheal and perfect contact. Mctal are poured having sufficient
superheat for suitable feeding and perfect contact between the casting and mould are
rarely obtained. In casting design, directional solidification is also accomplished. To
achieve the direclicnal selidification, the feeder is lo be placed such that it can
supply the liquid metal to the last position of solidification. This requires the
estimation of solidilication time. The growth rate (R) and lemperature gradient {G)
control the microstructure of the castings. These are related to the local
solidificalion tme. Morzover, the SDAS of casting alloy is also rclated to
sohdification time. A model incorporating casting variables (superheat of melten
metal, casting thickness, mould temperature, etc,) to estimate solidification pattern

and solidification time would be extremely useful.

Castings made in melal moulds have better strength compared to these cast n sand
moulds due {0 the fasier rate of cooling in metal moulds. They also have betler
surface fimsh compared 10 sand castings. A signilicant pertion of non-ferrous
alloys are cast in metal mould. The soundness of casting dcpends on the thermal
conditions during #is solidification (2). The soundness of metal mould casting and
the struclure-properiies relationships, have been smdied experimentally and
compulaticnally {2-9). Casling-mould inlerfacial resistance controls the heat
transfer sigmiicanily. It happens when the metal and the mould have reasonably
good rates of heat conductance. The interface becomes overriding when an
nsulating die coal 13 applied and/or the casting shrinks away from mould surlace
lzaving a pap between two surfaces. These circumstances are common in the die

casting of hght alloys.



The interfacial heat iransfer plays the most imporant role in achieving good
simulation resulls. A number of investigators (10-12) studied the memal-mould
imterface to arrive at a viable physical represcntation. To (ind the heat flow, the
most critical and unpredictable parameter is the resistance of the casling-mould
interface. Tt is difficult to measure the interfacial resistance or heat flow directly. It
can be estimated by measuring the temperature distributions in the mould and
castings. With a slight variation, the interfacial condition changes and results in
significant change in heat transfer. Therefore, for useful solidificalion modelling, a
through investigation of the mterfacial heat transfer is required by varying the
casting variables like type of metals/alloys, superheat of molten metal, casting
thickness, roughness of the mould, casting orientation, metallostalic pressure,

presence of coating material, coaling thickness, ete.

In simulation works, the interface is treated by using either interfacial heat flux or
mterfacial heat transfer coefficient. The availability of a rcliable and experimentatly
validated model of heal fux or heat transfer coefficient under various casting
conditions mentioned above would be exiremely uselful for a selidification

modeller.

Most of the investigators (10-14) used 1-D heat Mow using water cooled chill, But
casting without cooling may be more useful. Issac ct al. (13) studied the effect of
casting size on HTC. Their resuls are sell” contradictory, Durham and Berry (13}
assurmned constant MTC to stmulate the solidification front of lead casting on water
cooled brass mould. Higher heat iransler coefficient has been used for higher
supcrheal. The estimated solidification front presented did not well matched with
the experimental which shows that assumption of a constant HTC is not valid, The
cffect of superheal on the interfacial heat iransfer is not well known. Sully (16}
related the peak HTC at the end of filling. Kumar and Prabhu (7) found the
occurrence of peak heat flux after the end of filling. Further study to identify the
timming of peak HTCYHF is, therefore, needed. Sully reported that initial rise of IITC

frem a low value would only be observed for metals poured at lower superheat. This



can be investigated by using wide range of superheal. The effect of chill thickness

on HI" studicd by Kumar sud Prabhu (7) is not convincing,

In theorehical works, a model has been developed o find out the effect of casting
variables on solidification patten end to relate them with solidilication time for
semi-infinitc mould model. To verify the model plale shaped aluminium castings

are cast in semi-infinile sand mould.

In cxpenmental works, three shapes of caslings, bar shape, plate shape and
cylindrical shape are chosen and the effects of superheat of mollen metal, casting
thickness, mould lemperamre and chill thickoess on the interfacial heat transfer
have been investigaled. For bar shaped casting, superheat and chill thickness are
varied. Tn the plate shaped casling, the casting thickness and superheat are the
variables whereas superheat and mould temperature are varied for cylindrical

shaped casling.



CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

The scundness of a casiing depends on the thermal conditions during solidification
{2}. Castings made in metal mould have better strength compared to those in sand
due to lhe faster ratc of cooling in the metal moulds and also they have beter
surface finish compared to sand castings. Non-ferrous alloys are generally cast in
metal moulds. The thermal conditions are determined by the rate of heat extraction

from the casting by the mouid.

2.2 RESITANCES IN THE HEAT FLOW PATH OF CASTING

Solidification is the process of transformation of liquid (o solid. The hot liguid melal
lakes time 10 lose its heat and solidify. llemings (17) found that the rale at which a
casting can liberate heat is controlled by a number of resistances. The resistances to
the heat flow from the interor of he casting are those of the liquid metal, the
solidified metal, the metal-mould interface, the mould, aud the surroundings of the

mould.

2.2.1 Resistance by liquid and surroundings f the mould

In casting the resistance oflered by the liquid metal is negligible due to its high statc of
agitation. For scmi-infinite thick mould, the resistance olfered by the surroundings
has no effect on sclidification. But for metal mould, the surrounding environment has
a significant effect on the solidification. Iron casting made in Croning shell moulds
solidifies faster when the shell is thicker, but the solidification is delayed in thinner

mould due to the effect of surroundings.

2.2.2 Resistance by solidificd metal
The resistance offered by solidified metal 15 not significant in metal casting,

especially for metal wiih high thermal conductivity in mould of low thermal

vy



conductivity. Bul when the conductivity of mould is relatively high, this resistance
becomes impormant, for example. Pb-Si casting in stecl dies, steel casting in copper
mould, elc. (18).

2.2.3 Resistance by metal-mould interface

Resistance at the mould-metal interface controls the heat flow  significantly in many
imporant casting processes. This occurs when both the metal and the mould have
reasonably good rates of heat conductance, leaving the boundary between the two as
the dominant one. The interface resistance becomes prominent when an insulating
mould coat is applied, or when a gap is [ormed between mould and casting due to the

shrinkage of casling and expansion of the mould.

2.2.4 Resistwnee by mould material

This resistance conuols the heat absorption rate from the castmg. When a metal at ils
melting temperature T is poured in an infinite mould, initially at a temperature, Ty
and whose 1omer surface is instantly raised W a lemperature Tr at the time =0, then
the cooling modulus is piven by the Flemings's solution of one dimensional heat flow
equation is:

v (T, -Tﬁ] 24K, p. C_
S:—: .

The product KumpmCm 18 a uscful parameter for assessing the rale at which various
moulding materials can absorb heat. The freezing time, tr, of a casting is onc of the

important thermal parameters which depends on the rate of heal extraction.

2.3 SCLIMFICIATION TIME

Solidification of a casting begins near the mould wall and proceeds towards the
cenlre. The time at which the last solidifying point in the casting crosses the
freezing or solidus temperature is teken as the freezing time or solidification time, {r.
Solidification time plays an imporant role in controlling the soundness and

microstructure of castings. One of thc most important criteria of suilable gating



systemn to yield sound casting is the filling time. This is related to solidification
time. On the other hand, the SDAS (secondary dendrite arm spacing) and grain size
of caslings are conirolled by the heat extraction rate, that is, by sclidification time.
Almost always, a shorter solidification time produces fincr grain size and stronger
castings (19). (Juantitative relationships have been devcloped between casting

soundness and freezing time (20).

The presence of an air gap belween the solidifving casting and its metallic mould
reduces the heat exiraction ratc owing to the insulating nature of the gases present
in this gap. This, in turn, affects the freezing time of the casting Similarly, a
number of factors aflect the heat exiraction from the casting, which, in turn, affect

1t solidification Ume.

2.3.1 Factors afTfecting solidificalion time
Experimental results show that the solidification time depends on the thermal
properties of casting and mould, interfacial condition, and pressure acting on the

casing (21-31). The lactors are:

2.3.1.1 Mould material

With the varalion of mould malterial. the solidification time is markedly varied.
Equation [2.1] implies that mould material having higher thermal conductivity,
higher speeific heat and densily results in a lower solidification time, that is, mould
material having higher heat diffusivity (KnpmCw) yields lower solidification time.
Il was found Lhat tr is lesser in copper moulds compared to cast iron and anodised

moulds (21).

2.3.1.2 Volume ratio and modulus coellicient

Solidification time, tr, is influenced by volume malio (VR) { volume of mould /
volume of casting) if it is less than 5.0 (21,32). But, according to Mohan (33). it is
nit the only parameter for predicling tr. In the case of cast iron castings in
permanent mould. 11 was observed that 1¢ 18 proportional 1o the modulus coeilicient
miven by (VJ/SAY(VR)Y"? (33,34). Here. V. is the volume of casting, and SA the



surlace area of casting. The chilling action ol mould/chill will be fully utilised if the
mould i3 very thick. For a chill of low thickness, the chilling action denoted by the
heat diffusivity will be utilised initially but it will be limited as the chill/mould will
be saturated with heat because of its limited thickness (18). So, thc concept of
volumnetric heat capacity (pCV } is mitroduced. The higher is the volumetric heat

capacity of a chill, the lower 15 the solidification time of the casting.

2.3.1.3 Mould prehesat
With an increase of the preheat of a mould, the solidification time of casting
increases (35,36). Solidification time, tr, increases marginally with the increase in

mould preheat in the case of cast iron solidifying in cast iron mould (33).

2.3.1.4 Mould surface roughness

Prates and Biloni {37) and Morales et al. (38) found that with an incrcases in the
reughness of the mould surface, there is an increase in freezing time. The faster rale
of heat extraction by a smoother mould surface was demonstrated by a shifi in the
cenire line of the casting, poured in a mould with opposite walls of difTerent
roughness. Assar (39) also found that the solidificaticn time increases with

roughness 1or zine casting in steel mould.

2.3.1.5 Mould coatings

The eflect of mould coalings on tr was studied by a number of investigators (32, 33,
40} who found that insulating mould coatings increase the resistance to the heat
flow and, consequently, increase the solidification time. The cffects of different
types of coatings on tr was also investigated by Nehru {32) and he found that silica
mould coats increase t; and there is an optimum coat thickness at  which the

freczing time is maximum,

2.3.1.6 Casting maicrial

For the unidirectional heat flow fiom a metal ponred exactly at ils melting point, T,



in a mould inilially at a temperature MT, the transient heat flow equalion is

&T BT

51: =“‘s axl

[2.2]

The solution of the equation [2.2] is § = 2 v (al)®*, It reveals that the hipher is the
thermal diffussivity (a=K/pC), the lower is the solidification time. Metals having

lower latent heat solidify ahead of thosc having higher lalent heat (41).

2.3.1.7 Types of alloy

['ure metal solidifies ahcad of s alloy. Nehru (32) found that copper solidifics
before gunmetal. T.ong freezing alloys have higher solidification time than the
short freezing alloys. Patterson el al, {42) found that the solidification lime of
copper-ln alloys increases with an increase in the selidification range of the alloy.
Shrinvasan ¢t al. (21) found that, in aluniniwm alloys, the value of tr was higher for
Al-4.5% Cu and Al-10%Mg for similar casting condilions comparcd to pure

alumimiym.

2.3.1.8 Pouring tcmperatures

The solidification tine of casting increases with an increase in the pouring
temperature {43). This can be atributed to the increase in the average mould
temperalure during heat extraction for higher pouring temperature, resulting in a
lower heat extraction rale. With (he increase of pouring temperature, the heat

content of casling increases, consequently, the solidification time also increnses

{1).

2.3.1.9 Casting geometry

The selidification time is influenced by the casting geomeiry. For given casting
thickness, casting material, mould preheat temperature, end mould wall thickness,
Mohan {33) found that in the case of casl ron solidifying in a metal mnould,
te{cylinder) < t; (square) < ty(plate)



Srinivasan et al. {44) found that in a given melallic mould, for a padicular
volume/surface area ratio, for Zn and Zn-5%Al alloy,

tr(cylinder) <ty (rectangle} <ty (square) < tr{plate)

2.3.1.10 Pressure

The solidification time decreases with the increasc of applicd pressure on the molilen
metal. It can be aftdbuted to the increase in heat extraction caused by better contact
between the casting and the mould (45.46). Davies (47} reported that freezing time
decreases with the increase in pressure up to 0.2 bar but the incrcase in pressure

above (.2 bar docs not canse further reduclion in freezing lime.

2.13.2 Relationship between solidification time and casting variables
Many investigalors (1, 21, 32, 33) developed & number of relationships between
solidificalion lime and a number of casting variables. Some of them are discussed

here:

According o Chvorinov (1),

—k{ii']z 2.3
=K 5 2.3

where, s = solidification time, k = Chvonnov's constant, V. = Volume of casting,

and SA= cooling surface area.

This equation is valid for castings solidilying in insulating sand mould and zcro
degree supetheat. Convincing demonstrations of its accuracy have been made many
times. Chovrinov himself showed in his paper published in 1940 that it applicd to
steel casting form 12 o 63,000 kg in green sand moulds. It is one of the most

uselul guides untill to calculate the solidification time.
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2
According lo Flemings's (17) threc dimensional equalion, g =, Zr_;r—i_% .

here. n={} for plate shape, n=1 for ¢yhndrical shape and n=2 for a spherical shapc

castings. The solution of the equation is

o (o i+ nle) [ T M 24
A - J’E nfmbm 3 2r [ . ]

AL

Nehru (32), Clhimathambi (34) and Ayyampemumal (48) found that a general

relation between the casting modulus, volume ratio and {reezing time is :

1'\-" 15
t, =kM, =k(ﬁ] (VR)Y™®* 12.5]

where, M. = modulus of casting =V, ISA]' 5{“1.*"FL}4‘J 3 and k is a constant.

Nechru {32) alse developed a2 nomoegram 1o obtain the [reezing time [or plate shaped
copper and gummetol castings whose volume. mould wall thickness, mould coat
thickness are all known. Bishop et al.(49) working on stee] casling in gray cast iron
mould found that, with the increase of mould wall thickncss, t; decrcases. This
happens because, as the mould thickness decreases. (he thermal heat capacity of the

mould deercases and thus more tme js required to solidify the casting.

An empirical relationship was obtlained by Srinivasan et al. {21) berween two

dimensionless parametors as,

(k.SA.VR ) [2.6]

Ilere Vi, = volume of mould, V. = velume of casting, SA= surface arca of casting, t;
= freezing time of casiing, VIi= volume ratio of casting and mould, and k is

Chvorinov’s constant.
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Mohan and Sency (317 found the lollowing relationship
l _a{i)l_i_ X, + X, *[]+ PT +PT—T& [i] 57
' SAJ X,° PI-MT  MT j\SA/, =71

Here, x;= mould thickness, x;= coating thickness, PT= pouring temperalure, MT =

initial mould temperature, Ta = ambienl temperature. « and P are solidification

constants, (V/SA). = local cooling modulus.

2.4 MOULD-METAL INTERFACE

2.4.1 Interfacial condition during solidification

Lhe existence of an interfacial barrier between casting and mould has long been
recognised in Lhe ingot casting of sieel (50-53). The cntical role of the inlerface has
been highlighted in the development of continuous casting {54). Control of the
conlinuous casting process has only been possible with a clear understanding of the
changing condibion in the moving casting-mould interface. Sully (16) and Pehlke (55)
also recogniscd the existence of gap al (he interface. They concluded that for accurate
simulaiton  of solidification of a casting freezing apainst a chill, formation of an ar
gap betwren the chill and the metal should be taken into account in nuwmerical

simulation.

Chills are used to reinove latent heat rapidly for desiced increase in properties. The
effectiveness of chill is penerally reduced by the formation of barmier to heat flow at

the interface between the chill and casting {16).

Pehlke (55) cmphasised in the review ol inlerface (hat interfacial heat transfer rate

must be known for an accurate simulation of the solidification of the castings.

For a properly designed casling, liquid metal can fll the entire mould cavity. Ileat
Mow from the metal to the mould results 1n a skin of solidified metal which 13 inmitially
in contact with mould. As solidilication progresses, the thermal condition at the

interface may chanpe. Depending on the material properties ol casting and inould and
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the casting geomelry the interface may reach any of the following states:

2.4.1.1 Conferming and non-conforming solid-solid contact

When the liquid metal firsi enters the mould the liquid metal conforms to the mould
and macroscopically the contact is good (Fig. 2.1a). Microscopically. gap cxists
between the high spots. At the high spots, the high initial heat Tlux causes nucleation
of the metal by local severe undercooling. The solid ihen spreads o cover most of the

surface of the casting and contact changes (0 non-conforming state (Fig, 2.1b).

Prates and Biloni {37} proposed a mechanism for the initial contact based on work
with aluminium alloys in permanent moulds to explain the relationship between
mould micro-geemelry and number of predendritic nuclei. The postulation is based on
the fact that, on a microscopic scale. the surface of 2 mould or chill is not completely
smooth and a small aspenties protrudes from the surface profile. When liquid metal
first approaches the mould surface, contact occurs at the peaks of the asperities. Rapid
cooling at this peaks causes solidification of the liquid metal to nucleate from their
siles, At the same time the surface tension of the liguid melal and subsequent rapid
growth of solidification from the nucleation sites prevent solidifving melal Irom
wetting the valleys on the surface profle ol the mould. As a resull, with the start of

solidification a non-conforming contact is maintained at the interface.

2.4.1.2 Gap formaltion

An interfacial gap, separating the metal and mould, may pradually develop due to the
movemnents of the monld and mctal walls relative to each oiher during the laler stage
of solidification (Fig. 2.1¢). After initial formation of the solidified skin, the melal-
mould interfacial condilion becomes dynamic in nature. As the surface of a mould or
chill is not completely smooih and generally contain small or large ridpes, when the
cast metals first solidifies, its surface profiles conforms to these ndges. However,
subsequent contraclion of the metal skin upon cooling causes misalipnment parallel to
the interface. As a resnlt, interfacial gaps develop beiween ihe ndges. The early
investigators (21, 32, 33, 56, 57 ) of solidification in mmetallic moulds found that an

air gap forms hetween a casting and its mould in the initial stage of solidification
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and this gap conlinues to incrcase with time, Their efforts were direcled towards
finding the time, localion and other factors relevant (o this gap formation (20, 32,
33, 37). The variation in the size of the air gap during the solidification of the
casting was monitored by some invesligators (36. 58). Matuschka (58) investigated
systcmatically the formation of air gap and concluded that the formation of an air
gap between a casting and its mould is a resuit of the expansion of the mould due to
absorption of hcat and ithe contraction of the casting due 1o solidification and

subsequent cooling.

2.4.2 Important factors for interfacial conditions
The interfacial condition, whether it is solid-solid contact or intcrfacial gap, may be

affecled by the following mechanism:

2.4.2.1 Surface interaciion of metal and mould

Davies {47} proposed a mechanism m which surface interaction in a die casting is
caused by the presence of relatively larpe ridges on the surface of the mould. When
flie cast metal first solidifies, its surface profiles of the casting conforms to those of
mould ridges. [lowever, subsequent contraction of the meral skin upon cooling causes
misalipnment parallel to the inlerface. As a result, interfacial gaps develop between

the ndges of the mould and the surface of the casling.

2.4.2 2 Transformation of casting and mould materials

Volumetrn¢ changes accompanying phase (ransformation of the casting material and
the mould material may also affect the pap formation at the interface. Engler el al. {59)
found that in the case of gray cast iron of near eutectic composilion, volumetric
expansion assoclaled with graphite segregation in the solidified shell has foreed the
mctal to come in contact with the mould, showing no measurable gap up W the end of

solidification.
2.4.2.3 Casling geomelry

Several cast examnples in the literature showed the eifect of geometry on gap formation
(60, 6131 When the mould surface is concave towards the casting, contraction of the
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solidified metal upon cooling and outward movement of mould upon heating result in
an interfacial gap. In this case, thermal expansion within the mould causes the mould

surface to detach from the metal (Fig.2.1¢ ).

Inward movement may happen when the mould surface is convex towards the casting
which favours solid-solid contact (60). Cylindrical moulds expand away irom the
casting. whereas for {lat casting the mould cxpands lowards the casting, maintaining

contact under pressure during the early stage of cooling (61) (Fig. 2.2) .

2.4.2.4 Contacl pressure

The effect of gravity could favour solid conmact on one par of casting but gap in
another part (30). Nishida and Matsubara (62) have studied the cffcet of applied
pressure on the heat transfer. They found that heat transfer coefficient under loading is
always higher than that of no-load condition. They also found that ihe heat transfer
cocfficient decreases sharply from the maximum value under loading. The ahrupt
change was cxplained by Ho and Pehlke (10) by the hypothesis that the shell of the
solidified melal. in poing from a plastic to an elastic siate, has gained sufficient
strength 10 overvome the applied pressure and begin to recede away from the mould.
In general, rising the interfacial contact pressure will lead to an overall increase in the
heat transfer cocfficient. Two mechanisms are responsible lor this behaviour. For
non-conformmg contact at lew interfacial contact pressure, there are relatively few
solid contacts. Consequenily, heat will be transferred mostly by means of gas
conduction across the interfacial voids. Raising the contact pressure will cause a
reduclion in void spacing and  a resultant incrcase in HTC; according 10 equation
[2.10.1]. At ihe same time, number of solid conlact spols will be increased. On the
other hand, at sufficicntly hiph conlact pressure, the degree of solid contact
approaches the theoretical  limit given by eguation [2.9]. Under this condition the
relative contributions of HI'C; as well as overall heat mansfer coefficient mseli is
much higher. Furnther increase in contact pressure will not cause any appreciable
decmease in void spacing, bul the sofier matenial around gach contact spol will defomm
plasiically. As a result, the area of sold contact will increase, causing a cormesponding

increase in solid condoctance, HTC; {63).
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2.4.3 Heat {low under various conditions

2.4.3.1 Metal and mould in solid-solid contact {conforming and non-conlorming)

In a solid-solid contact, the casting is in conlact with asperities in some naces,
whereas, at the other places il makes contacts through gas with the mould (Fig.2.1a-b).
The number of contact points decreases when contact changes from conforming to
non-contorming. According to Ho and Pehlke {10) the total heat transfer, HF, will be
the sum of the three components, namely HF;, heat flow through cast-metal solid
contact, HI, heat flow by gas conduction and IF,, heat flow by radiation.

IF =1IIT, + H, + HF¥, {2.8.1]

The total heat flow can also be represented by the product of overall heat transfer
coefficicnt and temperalure diflerence between casting and mould surface, as follows

HF = [ITC *{Tc — Tm) [2.8.2]

Here, HTC =HTC, 4 ITTC, + HTC , overall heat transfer cocfficient [2.8.3]
HTC, = heat transfer coeflicient due in metal-mould contact,
HTC; = heat transfer coefficient due to gas conduction,

HTC, = heat transfer coelficient due to radiation.

As the conforming contact changes to non-conforming coniact the coniribuiion of HF;

on HF deecrcases.

According (o Rapier et al. (63},

HTC K f P h 2.9
o — ere .
S Ve T [25]

I 15 the interfacial conlact pressure, HN the hardness of the softer solid in the
conlacting interface, Ky, the harmonic mean of thermal conductivities of the
contacting surfages, and C the wave length of surface roughness for the rougher

surface. The proporionalily constant is a geomelry-dependent factor.
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K
ITC, = K—H {(when the gap is relatively large with respect to mean free path of the gasy  [2.10.1]
g

P E
H1 C: = iwhenthe pap 15 wufTiciently small gap wilh respect 1o wean free path of the gas) [2 1{}2]
X, T8, 18,

Where, K, is thermal conductivity of the pas, x, void spacing, g, g are lemperature

jump distances for both the conlacting surface,

(Tc* - Tm“)
HTC, =o - [2.11]
(Te — 'l'm)(— +— = 1)
& 5

Here, o js (he Stefan-Bellzinan constant, Te and Tm are the surface temperatures and

g1 and g3 are the emissivity for casting and mould, respeetively.

2.4.32 The heat flow at metal-mould interface in the presence of a gap :
When gap forms (Fig. 2.1c) the heat is transferred partly by gas conduction and partly
by radiation due to the temperature difference. The total heat flow,

HF = HF, + ITF, [2.12]
HF = HTC *{T¢ — Tm) [2.13.1]
HTC =HTC_ +HIC, [2.13.2]

Wilh the {formation of inlerfacial gap, ITTC, decreases as x. increases and the heat

transfer by radialion is more promincnt.

The significance of heat transfer by radiation at high temperature was demonsiraled by
Jaccobi (64). His cxperiments were involved with the solidification of pure iron m a
water-cooled copper mould with controlled atmosphere of various gascs as well as in
vacuum. It was found that the heat tansfer coefficient measured under vacuum
condilion is a significant fraction of that roeasured under varigus gases at aimospheric

[ressure.
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2.4.4 Representation of the interfacial condition for the analysis of heat flow,

The interface belween a casting and a metal mould or chill is a controlling factor in
the heat flow (16). A coellicient of heat (ransfer is used to describe the degree of the
mterfacial thermal rcsistance. Traditionally, a constant value of the heat transfer
coellicient between casting and mould has been used for such situation as in ingot
moeuld casting or chills in sand moulding. Sudics on continuous casting processes
reporied in the literature  have revealed the dynamic nature of the interface. Various
types of represcnration of interface heat transfer found in literaturc were either

assumed or experimentally found. They are summarised as follows :

2.4.4.1 Infinite HTC

In the carly slage of numerical analysis of phase change problem, several numerical
analyses assumed perfect contact at the cast-mould interface (65-67). They assumed
zero resistance due to lack ol any viable physical inedel of gap formation and heat
transfer characteristics across narrow gaps at metallurgical lemperature. Jeyarajan
and Pehlke {68) censidered perfect contact between easting and mould in their
simulation of Al and 51 brass in sand moulds. The assumption of considermg interface
gs perfect is not justified. Perfect contact can be achieved when the molten metal js
welded with the mould. It is justified only to neglect the resistance at the interface
bebween core and casting (69) when the casling solidifies around a central core.
Marmmome's simutation disagreed to some extent with the measured thermal profiles
which was adjustcd by adjusting the thermal properbies of sand. Bui the disagreement

may lead from the limitation of assuming perfect contact which was fclt by them (67).

2.4.4.2 Congant HTC

Durham and Bermry {13) introduced an air pap conductance, HT'C, constant for each
run which ¢an be vaned lor diflerent tun to simulate the pure lead and Al-5% Cu
alloy. They assumed the value of 4178.86 W/mC for HTC to match the estimated
curves with the experimental curves of pure lead with brass chill for low superheat.
The value is in between 4178.86 and 8357.72 W/m’C for high superheat. The
simulated solidified thickness-time curves mismatch in some places may be due io the

agsumplion of constant HTC,
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Hou and Pehlke (69) assumed constant HTC (1983 W/m’C) in the simulation of

medium carbon steel in sand mould. Experimental thermal profiles showed that
solidification time increases with the decrease of mould thickness. But, the simulated
resulls depicted that the selidification was delayed wilh incrcascd mould thickness.
They reasoned i1 as they assumed higher mould wall heat transfer coefficient for lower

mould thickncss.

2.4.4.3 Tame averaged HTC

Prates and Biloni (37) estimated heat trans[er coellicient using flwidily test of dilferent
Al-Co (0-5%Cu) alloys for differcnt mould material { copper, mild-steel, and 18/8
stainless sieel} and found the highest ITTC {F—SU{]DWImEC] for copper mould and the
lowest (~3000'W/m” C) for stainless steel mould, HTC increases with the increase of
copper cenlent significantly for without coating condition. The investigators
recognised that the HTC might be varied as the conlact between the liquid and the
mould varicd from point to point. However, they used this value as reference in order

Lo find the effect of diffcrent substrate and micro-geometry of the mould surface.

2.4.4.4 Sizp function HTC

Hou and Pehlke (70) assumed different heat transfer coefficient in the form of step
function for different mould wall thicknesses to simulate medium carbon steel in gray
cast iron mould. The initial constant value of H'I'C is higher for thicker mould.
Experimenial and sunulated thermal profiles showed that solidification lime increases
with the decrease of mould thickness. But the heat transfer coefficient at the external
surface is reverse lo the provious one (69). They assumed lower heat (ransfer

cocflicient at the external surface for lower mould thickness {70).

2.4.4.5 Linearly varying HTC

Sun (71 used an empincal relation m the form of 2 + bt { a, b are empineal constants
and t is time) in a fnile difference analysis to fit the experimentally measured
temperature profile of metal rod dipped into a melten metal bath. The surface
conductance value increases with metal-inould contact time was believed dug to an

increase of contact pressure ai the interface resulting from mould expansion (convex
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shape) and contraction of solidified metal {concave shape) for uncoated mould. The
investipator found same HTC {or uncoated copper rod and cast iron in melten
aluminium and Hastaloy X and HTC does not depend significantly on casting surface
iemperature.  The fluidity/welability of the casting malerials {aluminium and
Hasiolloy X) may be similar 1o yield same HTC value. The matching technique may

have some error in finding HTC.

2.4.4.6 Non-hinearly varying ITTC

Ho and Pchlke (10} found HTC io decrease from a higher salue (1800 W/m’C) to a
lower value (1300 W/m®C } at about 25 sec and then it was increased to a maximum
value (2000 W/m’C } at 80 sec, afler which it was found to decrease continuously for
Al casting water cooled copper chill on the top. The fluctuation at 60 sec was
happened due to assuming a umifomm nitial temperature in the casting for the
estimation o HTC.

Jacabi (64} carried out experiments with pure iron with a waler cooled mould wall.
The ITTC varied both in magnitude and shape with (ime for different interfacial gas
environments. For vacuun, Na, and CO, the HIC found to decrease conitnuously as
[ime elapscd. But for H; and H;S, there were double peak value for HTC and after the

second peak it was found to decrcase.

Tillman and Berry (14} worked on Al-4.5% Cn in graphile monld with water cooled
copper chill at bottom and found HTC to increase with iime.  They could net found

reliable HTC value just afier [lling. It may be due to slower ratc of dara acquisition.

Ho and Pehlke (12) used two types of casting-mould conliguratons for pure
aluminium and Cu-5%Al castings. First type favoured the gap formation where water
cooled copper chill is on the top of the casting, whereas, the sceond type of chill does
not tavour the gap formation. For beth the casting conligurations, H1'C was found to
decrease irom a peak value and then it was decreased continuonsly or remained

constant. There was a sudden drop in HTC lor the first type of casting where gap
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formation started to sct. But for ihe second type casting the HTC remained constant

afler the imtial period as gap formation did not oceur.

2.4.4.7 HI'C as a funclivn of interface tempcerarure

Sully (16) found HTC to depend only on casting surface temperalure for tin and lead
casting. But for aluminfum, it was observed to be a function of both the casiing and
mould surface tempetature. The probablc cause of the early rise in IITC was the oxide
formation on aluminium casiing. But oxide formation changes the contact from

confenning o non-conforming,

Jeyarajan and Pehlke (53) found HTC as to be step lunction of casting surfacc
lemperature. They concluded that heat ransfer across the interface can be accurately
described in lenns of an interfacial heat transfer coelficient which is a function of
metal-side interface temperature. They used a eonstant (H1=17000 W/m>C) value for
liquid casting surface and H2= 2550 W/m’C for solid surface.

2.4.4 8 Non-linear lime varving HF
Jacobi (64) carried oul experiments using pure iron with water cooled copper mould
wall and found 1l to increase to peak valuc and then decrease as a function of time,

HF = alh, where g and b are constants,

Kumar and Prabhu {37} estimated a time varying heat flux working on aluminium
alloys for various lype of coating and chills. They observed that the peak valuc of
HF-time curves was obtained shortly afier pouning. They explained the occurrence
of the peak - ag the casting started solidifying, the contact became less and less
perfect, resulting in a reduction of the heat flux across the interface and (he peak
could be associated with the start of solidification. They also found that the
occurrence of the peak value was around 20 sec for most of the experiments. The
pouring lemperature and mould temperature were taken 750 C and 150 C,
respeetively. The start of solidification should differ as the heat flux from the
merface differ and the of the peak value of HF might related to some other

vanables,
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Kumar and Prabhu (1}7) developed an empirical relationship,
H¥F
HFE

)
(LI

x50 = P [2.14.1]

d. L]
where, HF_ = A(EJ ; &, B, C and D are conslants which varicd with the casling-

mould systems. HF increases with lime to a2 maximum value and then decrcases. B
has a negative value and the equation depicts that HFmax increases as the chill
thickness decreascs. The chilling power denoled by heat diffusivity (pCV) is not
fully utilised when the chill is saturated. With the decreases of chill thickness, the
chill is saturaled earlier and the peak may be affected.

Alalem et al. {72 ) caroed oul experiment with aluminium in stecl for 2-I heai flow.
The interface was divided into 4 regions, and the heat flow in the 4 repions is
comsidered to be uniform having values HF1, HF2, HF3, and [IF4. They used 4
tcmperatures Lo estimate 4 heat flux without taking boundary condition. HFI is at
the centre and HF4 is at the comer of the casling. The [1F2 and HF3 are in between
them, They found heat decreases from a maximum value continuously. The IF1 =

HF1 and HF4 > HF3, Without boundary the results might have some error.

2.4.5 Efect of different variables on HTC

Sully {16} smdied the elTect of casting size, casting materials, mould materials and
geomelry on Lhe heat transfer cocfficient at the easting-mould interface, The effect
of peometry has been an overriding factor in deterinining the HI'C. HTC decreases
from 2 maximum to a steady value if the casting contracts away rom the mould. A
high value of HTC is maintained if the peometry causes the casting to remain in an
infimate contact with the mould. Casting size govemns the lime frame of the
transient mterface properics. The use of a steady value for HTC is only valid where
the time to reach steady value is small compared to the total freezing time of
casting. The HTC was found to be sirongly related ilo the casting surface

temperature but independent of mould surface temperature.
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2.4.5.1 Casting material

Sulty (16} experimentally showed the effect of casting malerial on heat transfer
coefficient. He worked on Al, 8n, Ph, Gray Cl and Stee! in CI and Sieel moulds and
found HTC to ncrease from smaller to a maximum value and then to decrease
sharply to a comstant value. The peak value of HTC varied with the vanation of

cast-mould combination. HTCmax was attained at about the end of pouring. For
example, the maximum value of HTC for Pb in CI is about 2270.8 W/m® C, but

for Sn in CI it was about 1845.025 W/m?2 C.

2.4.5.2 Mould material

Sully’s (16} experiments revealed strong effect of mould material on HTC. For the
same casting malerial, the HTC-time curves differed both in shape and magnitude
for different mould malenals. Sn-sieel yielded the highest value of HTC and Sn-
Rrass gave the lowest value of HTC. So-CI was found in between the above two

values.

2.4.5.3 Wash or Coating

Sully (16} also found a distinet effecl of wash used on chill for steel casting. For
example, in the early stage of solidification, HTC is higher for graphite wash than
for zircon wash, uscd for praphile chill. As a result, zircon wash reduced the

effecliveness of chill.

2.4.5 4 Mould-melal surface reaction
Interfacial reaction markedly change the interfacial heat transfer coefficient. Sully

(16} concluded that the oxide formation of Al casting causcd a lower value of HTC.

2.4.5.5 Casting size

Sully(16} pointed out that casting size affects the value of HTC. Thin caslings
solidify in a short time during which the value of HTC is high. Thick castings do
not solidify complelely until IITC reaches a low steady state value which implies a
fow overall value of HTC. Similar results were obscrved by Sharma ct al. (73). The

delay in gap formation due to plastic deformation in thick castings can lead to a high
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iniial value of HTC which persists for a long duration (743, Thamban and
Panchnathan {26) on the other hand sialed that, for a given volume ratio, HTC
remains nearly the same for different casting thickness for long freezing alloys.
They also found that HTC varied with variation of volume ratio. Issac ct al. (15)
found that, for aluminiwm casting in cast iron mould without coating, the initial
value {maximum) of HTC was the highcst (3558.95 W/m® C) for volume ratio 1,
and the lowest (2512.2W/m*C) for volume ratio 2. But for volume ratio of 3 it was
in belween the volume ratios | and 2. The rate of decreasing HTC was the highest
for the lowest volume ratio of 1 and lowest for volume ratio of 2. Again, for
volume ratie of 3, the rate was m between volume ratios of 1 and 2. They reascned
that the highest rate of decreasing HTC for the lowest volume ralio is duc to higher

gap size for lower volume ratio.

1.4.6 EfTect of different varigbles on HF
Heat 1lux 15 the product of heat ransfer cocfficient and difference of lemperature
of thc mould and casiing surface. So, heat flux is expected to vary with the

variation of the heat transfer coefficient

Das and Paul {75) acknowledged the effects of (1)} imperfect contact at the
interface rcsufting in discontinuity of lemperature |, {2) releasing agent, ofien
spraycd on the die walls to ensure proper release of the selidified casting from the
die, and {3) fermaltion of air pap between the interface to cause resistance, on the

heat flux.

2.4.7 Effect of HTC on solidification pattern

Durham and Berry (13} in their experiments with various material {metal and alloy)
in various type of mould found distnet ellect of HTC on sehidilication patiem. In
their theoretical work, using constant HTC, it was found that the ratc of
solidification, R, increases wilth increase of heat transfer coefficient, HTC. During
early slage of solidification, R decreases with the decrease of HTC. As the (ime
elapsed the effect of HTC on IR diminishes.
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Ho and Pehlke (12) carried out purcly theoretical investigation on the effect of H1'C
on solidification time [or Al casting in various types of mould (steel, cooper. dry
sand mould} and found that the solidification time decreases with the increase of

HTC, hyparabolically.
23 INYERSE HEAT CONDUCTION PROBLEM (IIICH)

2.5.1 The direct and the inverse problem

The direct problem of the heat flow refers to the situation in which the boundary
condilions in the form of lemperatures or heat fluxes are known and the lemperature
distribution mside the body is to be obtained from the known initial and boundary
conditions. Analytical and numerical methods are available for solving the partial
differential cquation of ihe direct problem satisfactorily. However, the direct
problem has drawbacks because of the difficulies in delermining the actual
boundary conditions. For example, it may not be possible 1o atiach a sensor and
measure the sur(ace wanperature accurately due to physical limitation imposed by

the configuration.

The inverse conduction problem (IHCP), on the olher hand, is related to the
eslimation of the surface heat flux history or surface temperature history of a body
given one or more measured lemperature history in side the conducting body (76).
The word estimation is used herc becanse in measunng the iniernal temperatures,
errors are always present to some extent, Besides, the IIICP is an ill-posed problem
and hence the heat flux can not be calculated accuratcly. A comparison of the direct

and inverse heat conduction problems is shown in the Fig.2.3.

2.5.2 Inverse heat conduction -an ill-posed problem

The solution of a well posed preblem should satisfy the condition of existence,
uniqueness, and stabilily. The solution of the mverse heat conduction problem does
not satisfy these conditions (76) and hence it 18 an 1ll-posed problem. The THCP i
difficult to solve analytically because the temperature response at an interior

location in a body due W given stimulus at the surface is both delaved and
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dimmished in amplitude. Mcasurements of temperatures at discrete time inlervals

provides incomplete information for obtaning an accurale solution.

Tor the one dimensional IHCP, when discrete valucs of HF are estimated at various
points of time i, maximising the amount of information implics small time steps
hetween HE, values. Ilowever, the use of small time steps frequently inroducces

instabilitics 10 the solution of the IIICP (77).

The direct problem suffers from inaccuracics in the measurement of boundary
temperature or heat [luxes while the IHCP poses a difficult analytical problem.
According to Beck (76) an accurate and (ractable solution to the inverse problem

would minimise both the disadvaniages, simultaneously.

2.5.3 Estimation of HF and HTC

Both  HIF and HTC can be found by analysing the expenmental data of
temperature. Among methods described in the literature the main four methods are:
(1) purely analytical methods, (2) seini-analytical and empirical methods, (3) quasi-

steady-state approximation -gap measuring technique, and (4) numencal techmgue.

In purcly analytical lechniques, a constant heat transfer coefTicient is assumed to

obtain the solution of the Fourer heal conduciion equation (78-800.

In contrast, the semi-analytical or empirical technigques do not atlempt to solve
rngerously the I'ourier hcat conduction eguation, but involve analysing the
cxpcrimental data by means of semi-amalytical formulae (37, §1)  or by curve fitring

technigques (14).

Quasi-steady state approximation-gap measuring process is only smitable when a
clear gap develops at the imterface. Two linear traducers contimuously record the
movements of the melal and nould. Using the difference in displacement as an
indicaiion of the average gap size, ibe (ransient inlerfacial heat transler coellicient

may be derived [rom the thermal conduction and radiation across a static gap
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(assuming the validity of the quasi sieady state approximation (77)). Tn addition to
this, the exact time of onsct of gap formalion is detected by monitoring the
clectrical continuity across the metal-mould interface. As soon as 4 clearance gap
develops, the break in electrical continuity is revealed as a sudden increase 1o ihe

recorded vollage.

In spile of the advantape of relative simplicity,  the approaches of (he dala
analysing become unswiable when dynamic changes occur at  the metal-mould
interface. Such chanpes can occur, for example, when the interlace changes from a
siate of iniial contact 0 a clear pap, accompanied by a drop of heat transfer

cocfficient and also of heai [Tux,

The numerical techniques are generally used as the method of selving the inverse
conduction problem. Difficultics arise in the solution of the mverse conduction
problem as a consequence of the delaved and diminished thermal response in the
interior ef the body. Errors assoctated with the use of truncated temperature data at
an exterior point are numerically amplified during the determination of the time
varymg thermal conditions at the surface (12). Moereover, since the solidification of
a casting involves a change of phasc and temperature variabic thermal properties,

the inverse problem is non-linear.

The wnumerical techniques is bascd on the siatistical estimation  procedure.
Statistical esiimadion procedures solve the IHCP by maximising {or minimising) an

cbjective function F{HF) is given as (82), given as,

W, iy My =1

PR = S w, 3(T, -, ] +wod & +w (& -AY [2.15]

1=l 1=1

where,
Fi(HF) = objscuve function,
n, = number of sensors,
wj= weighing consiant for the tempcrature measuremenis from the jth sensor,

ny = number of future measurcmenis,
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Y = neasured temperalure,
T = calculated temperature,
wy = Lhe zeroth order regularisation constant,
np = number of parameters,
B = parameter (W/m”). and

w1 = the (st order regularisation consiant.

By putiing w; = 1 and wg. w| = 0, a simplified form of the objective function is
oblained which is the leasi square estimator based on the minimisation ol

| 2
- my =

F(HF) = Z(T”‘" -Y,..) [2.16]

where,

F{HF} = ohjeci {function,

I =mr ( mis small integer),

t-1 = number of future temperatures,

Ty = estimated temperature oblained with assumed 1TF,
Y+ = experimentally measured lemperature,

2.5.4 Beck’s Non-linear estimation procedure {77) for HF

Beck’s non-linear estimation technique utibges the numerical appreach for
estimating surface heat fux from a knowledge of measured temperature inside a
heat condueting solid body. The configuration in Fig. 2.4 can be used lo describe
Beck’s melthod. It is nccessary to estimale HF at the surface 5 with known
tempetature Y3 {I3) at point C and Y4 {14} at point [3. The analysis in the region
C to D is a direct problem but, in the repion S to C, the problem is an inverse one.
Beck's solution procedure consists in minimising the function F{HF), defined by the
equation [2.16]. The heat flux HF and the surface temperature Tm at 8 have to be

determined from the measured temperature T3 at C as in Fig. 2.4,

2.5.5.1 Mathematical development for the solulions of inverse problem (Beck's
method)
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The following steps are followed in obiaining the solution:
(1). Discrctisation values of temperarurc at time interval, At are known i.e.
T{X1L,D=Y3{t)=T3(1)
T{2,0= Y1) =T4(t)
The heat flux across the inlerface is constant during any time interval, A9, where,
AB is an integral multiple of At, that is
AB = mAt
where m is a small integer. If Oy and t,, refer to the same point of time, then the
subscripts M and | are related by the relation:
mM =1
The relation belween M, n and the discretisation of HF are shown in Fig. 2.5

(where m=2).

(2). To lake into account the delaved temperalure response of an interior localion,
‘future temperatures” are used in cstimating HF. Thus, if r intervals of A8 are used
in estimating HI', it is assumed that the same heat flux HF (lows durnng ihese (-1}
future inlervals, that is,

I‘IFMQ = I'IFM o = H]?'M-1-r Hl"\.{+1

where, HIv 15 to be cetimated.

The non-linear estimation procedure determines the value of HI' which minimiscs

F{HF} given in equation [2.16], form,

If(T Y )ar”*' =0 [2.17]
par T+ n- i511_":- .
Here, is the sensilivity coefficient ¢+, The above equation can be solved by

E‘JHF

a Taylor series expunsion. For the lth iteration, the Taylor series approximation is

-1
0+l

' I-1
mi = lae ﬁHl'r!-{ﬂ (HFMH FMI]) (2 L8]
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aT! T, (HEy, (F+ ) -

¢'|_1 T+ B +1
1

P = P
oHE,, | sl

(HFy,)

11+1

[2.19)

Now from equations [2.17] and |2.19] lhe correction can be obtained as,

|=m71

Z{YHH - rl+|

VHE,,., = [2 20|

=142
Y
1=1
Sa, the oew value of HF 15

HFy,,, = HE}, + VHE,,, [221]

Form=2andr=2;1=4 (asin Fip 2 5}

- nli[H 11,{1+&:}}—Tn+|(III“;11]

L= Tl [2.22.1]
‘-lﬂ]_! _ Tﬂ+1(1'ﬂ?r!.1_i|(l+ﬂ}) _rl‘vz{HFr]vL]l} 2222
o gl [F:]«.{_il o

o _ Do (g, 0+ £0) - T,a (MR

3 FHFL! 12.22.3]

=1 1'|+-1 (IET:.-T-:-I (]‘ + E]) T|-|...4 (:H:I- M+

. = - {2.22.4]
P +1

(Voo = TE +(Yo ~ T Y+ (¥ —TEL 05 (Y, - THL Jo0

ViF,,, = 3 [ 143
e G+ Y+ @+

[2.23.1]

For comvenient represemalion, if | and I-] are replaced by new and old respectively. then

(Y““ _ T::l:ll) ald (Y”+2 _ T::]-:I ) ad [Y“ﬂ T::J'd) + (an T:Et ) ald

?I-]P' ﬂcfl = il ] 1ls LELTY
M (@7 + (b3 + (85 +(97")’
[2.23 2]
I[TF™ = IIF™ + VL™ [2.24]
?I‘H“HE“
The procedure 15 repeated with HF™ in plaee of HF*? until - < 0.005

a0



CHAPTER 3

A  SEMI-INFINITE MOULD MODEL TO CALCULATF THE
SOLIDIFICATION TIME AND THE EFFECT OF CASTING VARIABLES
ONIT

31 INTRODUCTION

Litcrarure survey indicates that solidification time plays an important role in
obtaining sound casting. It yields good casting design and provides better conception
about the casting structure. The survey of literalure alse depicts that the solidification
process and solidification time are markedly affected by a number of variables such
as caslmy thickness, mierfacial heal transfer coefficicnt, superheat of (he molten

melal and mould ternperature.

In (hi chapter an one dimensional numerical model has been develaped to observe the

effect of casting variables on the solidificatien process.
32 ONE DIMENSIONAL HEAT TRANSFER MODEL

As casting solidifies, heat transfer occurs in three ways: conduction, convection and
radiation. These are dcfined by Fourier, Newton, and Stefan-Bolzman, respectively.
Ileat transfer through selidification, caused by phase change, differs from other heat
transportation  mode because it involves relcase of latent heal either at constant
leniperature ( for pure or congruent malerials} or at a range of lemperature { for short
or long freezing alloys). Beside these, solidification of easting is essentially a (ransient
problem and, therefore, parial differenial equations relating time, temperature and
location must be solved. When the system underpoes no phase wansformation, the
governing equation for transient heat conduction can be expressed in vector notation
as

p[%} = V.{KV1) [3.1]
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where, mass density. p, is assumed to be independent of lemperature and K is the
thermal conductivity. When a solid phase is nuclealed from liquid while cooling
down, the associated latent heat acts as a heat source and the quaniity of it evolved per
unit time, L. 15 dependent on the fraclion of solid (hat is formed. The heat fow

equation is represenied by

p(%) =V.(KVT}+ L [3.2]

In Cartesian co-ordinates, ihe expanded form of equation [3.2] in the three

dimensions iz given by

c’H) &T Lo c?ZTJ K T K
- oz

a R R T I TV
For a casting having very large length and width compared o thickness, the end effect
will not be observed in the ceniral region of the plate. Heat transfer in (his region of
the casling may be considered as one-dimensional perpendicular to the plate surface)

and the above equation can be simplified as

(51—1) K(az'r] 8K AT L 319
—_— — — +—1—-r— -
Mo i) e [3:2.2]
(’;‘H] (52"{) K (m]z
P =K —_ e 2.
;{al )t a7 5 *L [3.2.3

32,1 Boundary conditions

There are three characterised boundary conditions in this study.

3.2.1.1 Casting-mould interface

There 15 a discontimuity of heat flux acress the mould-casting mterface which can be
treated as a comlact resistance, leading to the interfacial condition,

- nc[%j = HTC * AT 3.3]

[
The heal {lux scross the mould-casting interface is considered to be equal to the
product of a heat transfer cocfficient, HTC, at the interface and the temperature drop,
AT, across the inlerface.
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3.2.1.2 Centre of the casling
The mid-surface of a plale casting will behave like an insulating surface across which

there will be no heat flux. Thus, from Fourier law,

=0 [3.4]

@2

3.2.13 Qutside surlace of the mould
The outsidc wall of the mould {s considered to transfer heat by convection and

raiation, satisfring,
7T
- K(%) = HTC, (Tw — Ta) [3.5]

Here, Ta is the ambient temperamure, Tw  the mould temperalure, K the thermal
conduc:livity and IITC, the total heat transfer coefficient at the surface of mould due

to conveetion and radiation.
The explicit FDA representation of cnthalpy method for rectangular and cylindrical
casting 15 given in APPENDIX-A. The thermephysical properties of casting and

mould matenials are given in APPENDIX-B.

The enthalpy-temperature relalions are as follows:

H=C.T for T<'1¢ {zolid)
H=L+C,Tr for T=T; {phase chanpe)
11 =L+CTs +Ci{T-Ty} for 1=y (liquid)

1.2.2 Computation

‘The following sequence are performed for the numencal study.

- choosing of casting malerial

- choosing of mould malerial

- inpul pouring temperature, mould temperature, ambigni temperature
- input casting thickness, mould thickness

- nodal represenlation

- initialisation of cathalpy and temperatures of the nodes in casing and mould
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- calculation of new enthalpy after cach time step from finite difference equalions

- transformation of enthalpy to temperature

-assigning newer temperature o each node

- continuing the procedure until the centre temperature is sufficienily lesser than the

mclting pomt of the casting metal

Fig. 3.1 shows the flow charl for the temperature distribution in casting and mould.

3.3 RESULTS AND DISCUSSION

3.3.1 Effect of casting variables on solidification time

3.3.1.1 Liffcet of mould ihickness

Fig. 3.1a shows the effect of mould thickness on solidification time for a 0.014m thick
plate shaped aluminium casting at various wnierfacial heat transfer coefficients (1000,
2000 and 4000) W/m® C. for 0 C superheat in the cast iron mould initially at an
ambicnt temperature of 23 C. Il reveals that the solidification time decreascs with ihe
increase of mould thickness to 2 mmimum value and then remains constant for higher
mould thickness. By observing the themmal profiles in the easting and the mould
regions for vanoos mould thickness it is found (hat a cerlain value of mould thickncss
(0.03m for 1000 W/m*C, 0.02m for 2000 W/m® C and 0.01m for 4000 W/m’C) is
reached for which the casting eilher solidifies completely before the Lieat reaches the
external surface of the mould or even when the heat reaches the external surface of the
mould but the effect of surroundings does not affect the heat flow at the casting-mould
interface. The thermal profiles in the casling up to the time of completion of
solidification are the same for any mould thickness ahove this value. Therefore, the
solidification time remains constant. In case of lower mould thickness heat reaclies the

mould surlice befire the completion of selidification. Heat flow is then controlled by

the heat removal from the extemnal surface of the mould. The influence of (his surface

effect on solidifcation bme 15 more lor lower mould thickness because the heal

reaches the surface earlier and the volumetnc heal capacily of the mould 1 lower. Thig

is why the solidilication time 18 higher for lower mould thickness. Fig. 3.1a also II

shows the solidification time is higher for lower interfacial heat transfer coefficient. It
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can be explained in the following way: the lower is the interfacial heal transfer
coeflicient the preater is the resistance to the heat flow path which takes longer time |
lo release the heat from the casiing. As a result longer solidification lime was found

J

for lower heat transfer cocfficient. |

;

Sunilarly. the cffeet of mould thickness on the solidification time is found for the Al-
Sand, Cu-Cl and Zn-CI casting- mould combinations are shown in Figs. 3.1b, 3.1¢
and 3.1d, respectively, for a plate shaped 0.014m thick casting at various interfacial
thermal resistance {100, 2000 and 4000) W/m® C, for 0 C superheat and 25 C initial

mould temperature.

1l
i
b

It has been observed (B3} ihat, in general, the semi -infinite mould thickness is
m¢reased with the increasce of casting thickness, superheat of the molten metal, and

mould lemperature,

To find semi-infinite mould thickness, the following steps are performed:

1. Finding of the solidification time for maximum casting thickness, highesi
superheat and highest mould temperature and for lowest interfacial heat transfer

coefficient for a minimum mould thickness.

2. Performing step 1 repeatedly by increasing the mould thickness until the
aolidification time 1s constant. When the solidification time becomes constant

the semi-infinile mould thickness is obrained.

3. Finding of the solidification thne for variation of casting thickness, superheat,

and mould temperature, using scmi-tnfinite mould thickness.

Using semi-infinite mould ibickness, the effects of interfacial thermal resistance, g
superheat of mollen metal, initial mould tcmperature and casting thickness on the
solidification time have been analysed. The variables are: casting materials- Al Zn

and Cu, mould materials- Sand and Cl, superheat ranging from 0 to 60 C, mould
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temperature ranging from 0 w 100 C and interfacial heat transfer coefficient {100,
2000 and 4000) W/m® C.

33.2 EHccl of interfacial heat transfer coefficicnt (HTC), casting thickness,
superheat, and mould temperature on solidification time

Fig. 5.2a shows ihe effeet of heat transfer coefficient on selidification time for
aluminium casting in cast iron semi-infinite mould at variable casting thickness (from
0.002m to 0.03m), 0 C superheat and 25 € initial mould temperature. It is found that,
for anty casting thickness, the solidification time, t;, increases lincarly with the increase -

of inlerfacial thermal resistance (ITR=1/HTC). The equaijons obtained from the

graph are:

=002 + 1305.85(ITR) for CT=0.002 m [3.6.1]
te=0.17 + 3049.85(ITR)  for CT=0.006 m [3.6.2]
=040 + 4851.08(ITR)  for CT=0.010m [3.6.3]
ty;=0.72 + 6070.77(ITR} for C1=0.014m |3.6.4]
tr=1.57+ 10449.85(ITR} for CT=0.022 m [3.6.5]
te=2.70+ 14304 00(ITR) for CT=0.030m [3.6.6]

Using smatistical curve fitting package the above equations are obtained. The average

correlation coefficient is 0.99995,

Similar graphical representation was also found by Ohtuska et al. (84). Ho and Pehlke
{12) obtaincad rectangular hyperbolic Le;raphical represcntation.

The first term of the equations is the solidification time for perfect contact and the
second term is the additional term for imperfect contact. It is found that both the I
intercept and slope terms increase with increase of casting thickness, The first term
cen be replaced by [0.11 + 51.E8(CT)F having a correlation coefficient of 0.9998,
The slope term can also be replaced by 300962.87(CT)" ¥ having a correlation
coefficient of (.99995, The combined equalion is

t=[0.11 + 51.88(CT)]™+ 300962 87(CT)I°* ® (ITR)

for SH=0 C; MT=25C [3.6]
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For perfeet contaet. the equation becomes

t=[0.11 + 51.88(C T

The above equation shows that the solidification time increases quadraticaly with
casting thickness for perfect contact. Similar expressions of solidified skin as &
function of time based on experimental work have been shown by many authors (18,
83). Solidification time increases with the increase of casting thickness due 10 the fact
that with the increase of casling thickness the heat conlent increases and conseguenily
the solidification time increases. The intercept is found not to depend on the casting
thickness. It shows that when the casbmyg thickness is zero. tr is cqual to 0.0121, This
has been explained elsewhere (18) that initially the solidification rate is linear and a

paraholic relabonship develops afier the formation of a sufficient casting thickness.

The additicnal term in equation [3.6] is 300963(CT)** (ITRY

‘This tcrm shows that addiiional solidification time increases more or less lincarly

wilh the increasc of casting thickness with a slope of 300963 (ITR).

1he effect of interfacial thermal resistance on solidification time for various casting
thickness, for superheat 20 C, 40C and 60 C and for constant mould temperature (25
() are shown n Figs. 3.2b, 5.2c and 3.2d, respectively. And the developed cquations
from the figurcs arc :

[=10.10 + 5290(CTI*+ 354006(CTH* *(ITR)

for SH=20C; MT=25C (3.7]
= [0.11 + 54.65(CTH+409921{CT° " (11 Ry

for SH=40 C; MT=25 C [3.8]
t=[0.11 + 56.90(C 1)’ +45466CTY ¥4I TR)

for SH=60 C; MT=25C [3.9]

Tt is found that the intercopts of the fArst term are more or less constant, so this term

can be replaced by the average of the terms. Bul the slope term of the first term

imereases with the increase of superheat heat lincarly and it can be replaced by [51.56+
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0.084(5H)] having correlation coefficient of 0.9997 and the second term can be
replaced by [550.62 + 2.15(SH)* having correlation cocfficient o’ 0.9701.

So the combined equation is
1=[0.11+{51.56-+0.084(SH)} CT][550.62+2.15(SH)] X CT)°**"(ITR)
for MT=25C [3.10.1]
IFor perfeet contact, (ITR = 0), the equation becomes-
te=[0.11+{51.56+0.08 (SH)}CTJ

This equation reveals that solidification time increases quadratically with the increase
of superheat {or perlect contact. Here, the intercept term is the sumn of constant term,
(.11 and 51.56C7T and for a given casting thickness this term is constand. So, for a
specific casting thickness and casting-mould perfect conlact, solidification time
increases with the increase of superheat and it is a quadratic function. Similar

cxpression was also found by Gafur and Haque (83).

For additional term in equation [3.10.1] is 550.62+2,15 (SHY]%CT)**(ITR). It is also
found that for constant ITR and CT, the additional part of solidification time is a

gquadratic function of time.

Similarly, for mould temperatures of 50 C (Figs. 3.3a, 3.3b, 3.3¢c and 34}, 75 C
(Tigs.3.4a, 3.4b, 3.4¢ and 3.4d), and 100 C (Figs. 3.5a, 3.5b, 3.5¢c end 3.5d). the
¢quations are,

4=[0.12+{52.04+0.086(SH}} CT]*+[556.07+2.3 {SHFCT ™ (ITR)

for MT=50C [3.10.2]
t=[0.12+{53.05+0.090(SH)} CT [ +[579.18+1.61 (SHYA(CT)"* (ITR)

for MT=75C [3.10.3]
(=[0.12+154.23-H0.004(SH)} CT+[584.36+2.43 (SEDJHCTY" ¥ (ITR)

for MT=100C [3.10.4]
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Combining the equations [3.10.1-4]
y=[0.12+{50.51c" ¥" D1 oge™ MM g (TP

+[537.13e? %MD 12 13 (SHY HCT (I TR) [3.11.1]
orT,
t=[0.12+{50.4740.036 (MT}+{0.08+0.00014 (MT)} (SH)HCT)F

+[537.17¢" PEMD 12 13(SHIHCT) Y ™(ITR) [3.11.2]

The correlation coefficients for the replacement of constants in terms of MT are in the

range of 0.98-0.90.

For perfect contact the above equanon becomes,
1=10.124£50.51° MMM D40 gge" MM s CTYP
ar,

t=[0.12:4{50.4740.036(MTH+{0.08+0.000 14(MT)}(SEDHCTP

These cquations reveal that, for a specific casling thickness, solidification time

increase exponentially or quadraiically with the increase of mould temperawre.

Smmilar result was found by Gafur and Haque (83).

Similarly, from Figs. 3.6, 3.7, 3.8 and 3.9 the combined equation (86) for aluminium -
sand casling combinalion is

t=[0.47+{277.60e" ®M41 42¢ PMISIILCT)P4[1121.25¢¢ 40D

+7.46(SHACT) PUTR) [3.12.1]
or,
1=[0.47+{276.954 0.38(MT)+{1.42+0.0020(MT) HSHYHCT)?
+[1121.25¢" MM L7 46(SHYHCTY P(ITR) [3.12.2]

The equalions can be writlen as:
tr=[A+{ B D4+De M SH)HC T HFe ™™ +h(SH)H(CT)(ITR)
[3.12.3]

or,
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tr=[ A+H{B+HCMT )+ DFEM TSI HCT) +HFe™™" +h(SHY(CTY(ITR)
[3.12.4]

TABLEIL: CONSTANTS FROM EQUATIONS [3.11.1], and [3.12.1]

A B C (W E F g h I
Sand | 047 27706 | 00013 | 142 | 00013 121235 0.0003 746 1.09
| 0.12 50051 00007 | 003 | 40016 33713 0.000%9 213 (.90

TABALE II: CONSTANTS FROM EQUATTONS [3.11.2] and {3.12.2]

A B C D E IF G h I

Sand | 0.47 | 27695 | 038 142 (00020 [ 112125 |0.0008 746 | 1.09

Cl 0.12 [ 35047 |0036 |008 |000014 | 53713 | 0.0009 | 213 | 050

Tables I and II show that the constant terms designated by B, C, D, Fand h have
higher value for sand mould beecause of lower thermal diffusivity of sand and are
affected by mould characteristics. The value of G is morc or less the same for both
the moulds and the valucs of E and T are more or less similar for the moulds and
they are not affecied by the mould characteristics. The value of A appears due to
the fact that that initially the solidification rate is linear and a pambolic relationship

develops after the formation of a sullicient casiing thickness.

From Figs. 3.10, 411, 4.12 and 4.13, the combined equations for copper- cast iron
combination {87) arc
L= [0.13+{72.68e" MM 1167 ®TMYSHHCT)]*+ 998 440 P0EHMT)

1228 CTY "MITR) [3.13.1]
or,

=[0.13+72.65+0.036(MT)*{0.1 1+0.0002(M THSHYHCTIP+[998 44,0 00086MT)
+1.222(SHYX(CT) ! *(ITR) [3.13.2]

Similarly, the combined equations [rom Figs. 3.14, 3.15, 3.16 and 3.17 {or zinc- cast
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iron combination (88) are

t=[0.083+ { 11531 e VUH (M4 g 46 "2 M ST (CTHF +
[1278.77e *™15 MU 41 S3(SHYP(CT) ' ™ (ITR)

or,

[3.14.1]

t=[0.083 + { 11440+ 0.28 (MT)} + { 0.45 +0.0012 (MT) } (SH) } (CT) >+
[1278.77¢ T10M M 4 53(SH)P? (CT) ' ™(ITR)

[3.14.2]

TABLELL:  CONSTANTS FROM CQUATIONS [3.11.1], [3.13.1] and [3.14.1]

A B C [} E F G h 1
Al-CI 0.12 & 51 0.Q007 008 | 00016 337.13 0.0609 213 0.90
Cu-Cl 1 0l3 7268 0.0004% Q11 0.0017 o008 44 0.00056 122 1.04
An-l 0.083 11531 0.0021 046 | 00023 1278.77 0015 1.53 1.06

TABALE IV: CONSTANIS FROM EQUATIONS [3.11.2], [3.15.2] and [3.14.2]

A B C (8] E F g h [
AlCT | 0.2 3047 0.036 008 | 000014 | 53713 RO 2.13 0.20
Cu-ll | 13 7265 0.036 1] 00002 998.44 400066 | 122 1.04
In-Cl | 0083 11440 | 028 045 G.0012 1278.77 {0013 1.53 1.06

Tables 1li and IV show that the value of the constanis B, C, D, E, Fand G have
the highesl value for zinc and the lowest for aluminium. The value of I is similar
for all metals. The value of A is similar for all metals and it appears due to the fact
that the solidification rate is lincar initially and parabolic afier the formation of
sullicient thickness. Zinc has the highest solidification time and aluminium has the
lowest solidification time, Copper solidifies ahead of zinc due to its higher melting
point and higher thermal diffusivity. Aluminium sclidifies ahcad of copper due to

its lower latent heat per unit volume.
3.3  Validation of the model
For validating the theoretical model, plate shaped aluminium caslings were cast in

sand mould. The mould is a one part and it is in the sand bed. The mould can be

considered as semi-infinite mould. The mould cavily is 0.13 x 0.13m with a
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thickness of 0.022m. A pholograph of casting is shown in Fig. 3.18. The Fig. 3.19
shows transient HF and H1'C for one of the castings for a casting having pouring
lemnperature 700 C and mould temperature 30 C . The procedure of ihe estimation
of HIF and HTC are discussed in chapter 5. The {igure shows the HF increases from
lower value to peak heat MMux at the end of filling and ihen it decreases continuously.
Lhe figure also shows that HI'C increases from o minimum value lo a maximum
(SSGmeEC) at the end of filling due to the maximum metallostatic pressure. Afier
that it decreascs sharply Lo a more or less constant value (~400 W/m*C) and remains
conslant. As the HTC remains more or less constant for a longer peried ol time, it
can he averaged. Taking the average value of HTC (404 W/n® C) the temperature
distribution in casting and mould is oblained. The experimental and estimated
temperature-time profiles of the casling at different locations are given in Figs.

3.20-23. The lemperature-time proliles are well matched.

The experimental and estimated solidification time of the casting are 183 sec and
184 sec respectively. The sohdificaton time calculated using equation [3.12.1] is
180 sec. The errors are 0.5% and 1.6% for the estimated solidification time using

model and developed equations.

S0, il can be concluded that the semi-infinitc mould model and the developed
equations are good enough to estimate the temperature-time profile and
solidification time for metal castings. The model can be used to estimate the

solidificanon pattern if the experimentally validated data of H1'C or HF is known.
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CHAPTER 4

EXPERIMENTAL PROCEDURE

4.1 GENERAL FEATURE

This chapter desenbes the experimental details for finding the effecis of casting
variables. such as superheat of molien metal, casting thickness, mould thickness,
chill thickness, and mould temperarure on solidification process. More atienlion has

been given on the nterfacial heat transter at casling-mould interface.

Three shapes of castings, {a) Bar shape in the sand mould with chill at the end, (b)
Plate shape in metal mould, and (c) Cylindrical shape in metal mould, are used for

the investigation,

The effects of superheat and chill thickness are investigated for bar shaped castings.
The effects of superheat and casting thickress are investigated for plate shaped
casting. To invcstigate the effects of superheat and mould temperature. cylindncal

shaped castings are used.

Comunon fearures of these experiments such as casting materials, cnicible, depasser,
flux, mould/chill matenals, preparation of thermocouples, meliing and pounng and

dala acquisition system are briefly described here.

Gray  cast iron is used as chill or mould. A pair of glass lined chromel-alumel
thermocouple o 24 SWG is used. They are bared [irst, then twisled by a pair of
pliers and then gas welded. This type of thermoeouples are used to obtain the
mould/chill temperature. A different type of thermocouple of 24 SWG is used to
obtain the casting lempecramre. In this rype both the wires are bared to a sufficient
length and then ihey are passed through the bores of fwin bore porcelain beads
having an OD of 3mm and a length of 50mm. Then both the wires are twisted and

welded as above.
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Commercially pure aluminium ingot is selected for ali the sets ol (he experiments.
The mctal is melted in a gas fired pit fumace. The ingots are cut by power saw inw
small pieces and then charged in a crucible placed in the pit furnace. Clay-graphite
crueibles of different sizes are used for melling the metal. When the metal is melted
completely and has attained the required temperature, the crucible is removed from
the furnace and placed in a suitable holder for pouring. A suilable preheated tool is
used to skim off the dross. An immersion thermomeler is used to check the
temperature of the liquid meial. At a suitable temperature the liquid metal is
skimmed for degassing. Foseco degasser -190 is used for degassing the molten
aluminium. Before pouring, the molten metal is degassed in the ladle using
Fousecos’s degasser. The degasser is kept in a healed tong to keep it in the molten
melal and stired in the molten metal. Ammonium chlonde is used as  fluxing
matcrial.  After reaching the required pouring temperamre, the pre-started data
logger is uscd by the sofiware 10 collect the temperature. The data is rccorded for a

penicd of at least 5 minutes.

The data acquisition sysiem consists mainly of Casting setup, Data Logger, [EEE
488 Card. and Compuler. Simplified representation is shown in Fig. 4.1. A number
of thermecouples are set in the casting setup. Then they arc connected to the Data
Logger- Keithly 740 System Scanning Thermomeler. The data logger is connccted
to the PC via a TEE488 interfacing card. The values of temperature were acquired by
a4 software 740 Data Logger. A maximum of 9 channels were used for the

cxpcrimentation. The scanning rate is 9 channels per second.

4.1.1 Bar shaped castings

4.1.1.1 1-Bar castings

To lind out the eflects of superheat and chill thickness, bar shaped castings were
cast using a 1-Bar mould. Fig. 4.2 shows the sand mould with square chill at one
end. The cross-seclicn of the Bar is 50mm X 50mm. The chill thickness used are
24mm, 47mn and 70mm. The location of thermocouples at the mid height of chill
and casting are shown in Fig. 4.2 (SECTION-RR). The superheals are in the rage of
100-300 C. The position of the thermocouples are shown in Table 4.1.
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Table 4.1: THERMOCOUPLE POSITION IN THE CHILLS

Chill ‘Thermocouple Position {rom the interface (mm)
Dimension
In Casting in Mould
Thermocouple | Thermocouple 2 Thermocouple 3 Thermocouple 4

(A4) (B) (C) (D}
50x50x24 30 4 4 20
30x50x47 30 4 4 43
S0 50x70 30 4 4 60

The sand mould 1s lirst dried naturally and, before pouring the molten melal in it,
dried by gas flame. The chill is dried al 4 temperature of 110 C to remove the
moislure especially from the holes of thermocouple and then cooled to room

temperature,

Three chills arc prepared from a gray cast iron bar. The surface were machined by

shaper and then polished by emery paper (GRIT 4).

The sand bed is used for drag portion of the mould, that js, the chills and main pari
of the casting ere in the sand bed. The pouring basin, sprue and feeder are in the
cope. lhere are also two holes in the eope to mtroduce thermocouple (ihe porcelain

beads type) into the cavity of the mould.

The chills arc placed first in the cavily, Then the ihermocouples are set in the chill.
The casting’s thermocoupies are intreduced in the cope’s hole and lowered dewn to
25 mm from the parting line so that the lips of thermocouples are at the mid level.

Afier that the cope is placed on the mould cavity.

4.1.1.2 3-Bar castings
For 1-Bar casting it was guite tough to maintain the same superheat and same
filling time Tor different ¢l thickness. To investigate the effect of chill thickness

al the samme superheat and same pouring time 3-Bar casting are cast. Fig. 4.3 show
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the sand mould with three square bar chil! at the end for cach. A photograph of the
set up consisting of mould assembly, the thermocouples, the data logger and

compater is shown in Fig. 4.4, The superheats are in the range o’ 40-140 C.

The locations of thermocouples at the mid height of ¢hill and casting arc shown in
Fig. 4.3 (SECTION-PI* & RHS VIEW). The position of thermocouples are the same
as given in the Table 4.1 excepl that of thermocouple 1 at A. Since the scanning
thermometer can read a maximum of 9 channels, the thennocouple 1 is omitted in

3-Bar casting.

4.1.2 T'latc shaped castings

To find out the effects of superheat and casting thickness, plate shaped castings
were cast using platc mould (Fig. 4.5). The mould cavity is 300mm X 30¢mm with
variable thickness. The casting thickness used for this study are 68 mm, 52 mm
and 36 mm. The mould wall is 26mm thick. The width (300mm) and height
(300mm) of the mould arc cnough compared to the thickness to consider the heat
Nlow as one dimensional at the centre of the casting face. The thermocouples are
placed at the mid level as shown in Fig. 4.6. A pholograph of the set up consisting
of mould assembly, the thermocouples, the dala logyger and computer is shown in

Fig. 4.7. The superheats are varied in the range of 40-290 C.

The distances of thermocouples in castings are 0, 8, 16, 24 and 30mm respectively
from the centre of the castings lor 68mm casting. For 52mm thick casting, the
distances of ihe thermocouples in the casting arc 0, 8, 16 and 22mm from the centre
of casting. lhe thcrmoecouples in castings are at distances of 0, 8 and 14mm for
36omm thick casiing. The thermocouples in the mould wall are at  distances of 3, 8,
16 and 22mm from ihe interface. Molten metal is poured from the top in onc
corner of the mould. The plate shaped metal mould 1s prepared from fve plate-
shaped gray cast iron plates. They are machined by shaper and polished by polishing
paper. For every casting the inside of vertical plales are polished by emery paper
(GRIT 4).
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4 holes of 2mm diameter arc made at the side wall at the perdphery ol a ¢ircle
having 5Smm radius. The holes arc at different depth so that 4 lemperatures at
different distances from the inierface are oblained. A 6mm stainless steel pipe  is
introduced through two holes of the two large plates. The two holes are 50mm
below the mid level of the mould. There are {ive 3mm-holes through which the
poreelain beads containing thermocouples are introduced. The thermocouple tips are

at the mid level of the mould.

The stainless siee]l pipe containing five thermocouples is set at the fixed large
plate’s holes. Then the moving large plale are set to the stainless stect pipe. The
thermocouples are set vertically, This arrangement is made to minimise disturbance

in the 1-D heat flow path.

4.1.3 Cylindrical shaped castings

To find the effcels of superheat and mould temperature on interfacial heat transfer,
cylindrcal castings are cast using vertica! cvlindrical bottom-galed cast iron mould
(Fig. 4.8). A photograph of the sel up consisting of mould assembly, the
thermocouples, the data logger and computer is shown in Fip. 4.9. The average
initial mould temperatures used are 82 C and 107 C. The internal dimensions of the
mould are 76mm in diameter and 430mm in heighl. The mould thickness is 26mm.
The height of the casting was sufficient to consider the heat transfer at ithe mid level
ol the casling as one-dimensional. Thermocouples are placed radialy at the mid
level as shown in Fig. 4.6, Thermocouple 1 is placed at centre of the casting, the
thermocouple 2 in casting at a distance of 4mm from the interface, the
thermocouple 3 in mould at a distance of 3mm from the inlerface and the
thermocouple 4 is at 8 distance of dmm from the outer surface of the mould. The
temperature of the positions A, B, C and D are designated by T?, T2, T3 and T4
tespectively, The superheats are varied from 10 C 1o 300 C.

‘[ wo-pars split type moulds were used. They were made from gray cast iron and

machined by lathe. 4 bolts were used to arlach them.
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The pouring basin and spruc were made firsi using sand in a 4-inch diameler steel
pipe. Then the nunner was made in the sand bed. One part of core box was used to
make 1wo holes. One was used by sprue and the other by mould. This part was sct
on the sand bed where the sprue and runner are produced. The sprue and mould

were set on this mould box. They were weighed down by two weighis.
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CHAPTER 5

ANALYSIS OF EXPERIMETAL DATA

31 INTRODUCTION

The estimation of the heat flow rate per unit area, HF, [rom the casting into the chill
or mould across the casting-mould/chill interface as a function of time are camed
out using the time temperature daia oblained from the experiments described in
chapler 4. The temperatures T1, T2, T3 and T4 al the positions A, B, € and D
respechively are measured for every second. The time temperature data of a rypical
experiment i3 shown in Fig. 5.1. The [irst ¢olurmn shows lUme in sec and the
remaining columns are the temperatures 11, T2, T3 and T4, During the estimatlion
of HF. the temperature of mould at the interface, Tm, is also estimated. Using the
value of HF as boundary coudition at the casting surface, the casting surface
temperature, Te, 18 found. The values of HF, Tm and Te are used to calculate HTC
as a function of time. The dctermination of HF at the interface from the
temperaiures measured inside a body requires to solve the ‘Inverse heat conduction
problem’ (IIICP). Fig. 5.2 shows the inversc conduction problem for 1-D heat flow
in the case of plale and bar shaped casting. The unknown heat flux from casting to
ihe mould or chill, HF, and the surface temperature, Tm, at S are o be delermined

from the measured lemperature, T3 and T4.

5.2 STATEMENT OF THE INVERSE PROBLEM

Referring 1o Fig. 5.2 the heat flux, HF, und the temperature, Tm. at S have o be
determined by companng measured iemperature, T3 (=Y), at C with the estimated
temperature. The lemperature, T4, at D is taken as boundary condition. The

estimated temperalures are oblained by solving the 1-D heat conduction equation:

¢ T ) cH )

o [K = P {for plate and bar shaped castings) I5.1]
1 B( ral ] cH . .

= _—| = p— 2
L rK s p 5’1. {for cylindrical casting} [3.2]
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The explicit finitc dilference appreximation of the equations [5.1] and [5.2] arc
given in APPENDIX-A. The trme siep and space step arc 0.001 se¢ and 1 mm,

respectively.

3.3 SENSITIVITY COEFFICIENTS AND CORRECTION FACTOR

In the estimation of interfacial heat flux the Beck’s (73) non-lincar cstimation
procedure as described in 2.5.4 is used. For the present study, heal Nux, HF is taken
to be constant for | second that is AD = At. For estimation of heat flux, one fulure
temperature is also taken into the consideration. So, m=1. =2 and I=mr=1.2=2 and
from the equation [2.19] the following equalions for sensitivity cocfficients are

obtained and used in the present study.

T, (HEG, (1+ &) = T, (IIEg, )

@ = T [5.3.1]
e T (HES (42 =T, (HFg: )
@ = S [5.3.2]
— (Y1]+l - Trﬂll) IIJM + (Yq+2 - T;[l-d]) ;ld
VHF,, = {d}nm)z T (¢'<.|.J]1 [5.4]
1 2

5.4 PROCEDURE FOR DETERMINATION OF INTERFACIAL HEAT
FLUX (IIF)

The initial temperature distribution in the chili / mould is oblained from the

measured temperature as shown in data file (Fig. 5.1). A suitablc initial value for
I (=10 W/m®) is assumed and with this vlue, the lemperature distribotion [rom

S o D are determined using FDA equations {APPENDLX -A). The thermophysical
properties of casling and mould material are given m APPENDIX-B. The estimated

temperatures for the value of HE', T{ HF} }, at location C are  stored at the time of
1 sec and 2 sec. HF' is incrcased by a small value ¢ HF! (where & is 0.001) and

using the new value of HF; (1+) the temperature from S to D are estimated. The
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temperaturc at C, T(HF' (1+£)), for 1 sec and 2 sec are also saved. With these

values, “sensitivity coefficients™ (¢, and ¢;) are calculated using the lemperatures
those are saved at time of 1 sce and 2 sec at the location, C. The new value of IIT is

obtained using the following equation

HF"" = HF™ + VHF™" [5.5]

The procedure is repeated with HF™™ in place of HF* until:

Iv’HP‘ N
HF Ly

< 0.005 [5.6]

A Mow chart for the determination of HF is given in Fig.5.3.

3.5 DETERMINATION OF [INTERFACIALL HEAT TRANSFER
COEFFICIENT (HTC)

In the present study, the inverse heat conduction problem on the chill/ mould side is
solvid using the known temperature T3 and ‘14, The estimation starts from the time
of responsc of 13. The T4 is used as knewn boundary condition. The calculations
arc performed using explicit FDA. This yields the value of HT', interfacial heat flux
per unil area, and also the temperature of mould at the interface, Tm (the mould/
chill surface temperature). The wvalue of casting surface temperature. Te. is
calculated either using this estimated wvalue of HF and T1 as known boundary
condilions, the temperature distribution in ithe casting is obtained by the explicit
FDA or by exirapolation. The intcrfacial heat transfer coefficient 15 oblamed using

the following equation:

[5.14]
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CHAPTER 6

RESULTS AND DISCUSSION

#.1 BAR SHAPED CASTING WITH CHILL AT THE END

Fig. 6.1.1 shows a typical tempcrature-time profile of a bar shaped aluminium
casting with 24mm CI chill at the end. The tcmperature-time profile is shown when
the T3 begins to change. The top curve shows the cooling curve of casting (12-1) ai
point B which i3 at a distance of 4mm (rom the casting-chill interface. The second
one is Lhe heating curve of the chill {T3-1) at a distance of 4mm from the interface
and the bottom one is the healing curve of chill (T4-1) at a distance of 4mm from the
external surface of the chill. The pounng temperature (PT) is 760 C. The maximum
temperature recorded by the thermocouple at B is 674.1 C. Since B is only 4mm
from the casting-chill interface, a remarkable holding time at the melting point is
not observed in T2-1 due to higher cooling rate. In plaie shaped casting {art. 6.2) it is
observed that the surface temperature of the plate decrcases slowly umtil there
remains molten metal at the centre of the plate which releases latent heat. When the
last liquid solidifies and there is no morc latent heat all the (emperatures fall at a
faster rale. The sudden change in slope in the lemperature profilc of thermocouple
at B can therefore be considered as the end of tolal solidification of the bar, The
temperatures T3 and T4 in the chill initially show a contimuously increaging value,
I3 increases al a fasier rale since it is measurcd at a peint eloser to the casting chill
imterface. The thermocouple al D responds later than that at C and the difference
between T3 and T4 increases with the increase of chill thickness, since more is the
chill ihickness more is the distance between C and D. The difference between T3
and 14 increases to a maximum and then it gradually decreases. And afler sufficient

time, the difference is neglipible.

6.1.1 Heating curves of chills ncar the interface

6.1.1.1 Effect of snperhcat

Fig. 6.1.2a shows the effect of superheat on temperalure-time (T3-t) profiles of
24mm chill near the mterface of bar shaped aluminium castings. Tt reveals that the

higher is the superheat, the steeper is the heating curve and also the higher iz the
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corresponding maximum chill temperature. The maximum chill temperatures are in
the rage of 445-541 C for pouring lemperatures in the range of 705-800 C. For
70mm chill, the corresponding maximum chill temperatures are in the range of 337-
440 C. Higher superheat causes mere heat to flow to chill because of high initial
temperaturc difference and better casting-chill contact. The rate of heating of chill
is higher at higher superheat ihan that at lower superheat. Bishop et al.(4%) also
found higher mould surface temperature for higher superheat of medium carbon

steel in cast iron mould.

6.1.1.2 Effect of chill thickness

Fig. 6.1.2b and ¢ show the effect of chill thickness on the heating curves (T3-1) near
the interface for PT-705 C and PT-730 C, rcspectively, The curves reveal that
inilially all temperaturcs increase at a similar rate but after about 30sec the rate of
increase of temperature of the thicker chill becomes lower than that of (hinner one
and the temperature of the thinner one always remains higher than that of thicker
one. Then the temperature of thicker chill decreases, but temperature of thinnce
ong remains more oI less constant. The lower is the chill thickness, the higher is the
maximum temperalure and the longer is the time of attaining the maximum
lemperature. Initially the rates of healing of the ¢hill are the same for all chill
thicknesses. When the heat reaches the external surface of the chill, the heat
transter from the interface is controlled by the surroundings. For the thinner chill the
heat reaches the outer surface ahead of ihicker one. Due to the control of the
surroundings, the heat is accumulated and the temperature incrcases continuously. It
decreases the cfficieney of chill by reducing the exttaction of heat from the casting.
The higher is the chill thickness, the higher is the volumerric heat eapacity and the
morc 15 thc heat absorbed by the thicker chill. Due to lower volumetric heat
capacity, the temperature of chill, T3, near the interface of thinner chill increases at
a fasier rate. Hou and Pehlke (70) concluded that the different thickness of chill
walls result in different thermal capacities, resulting in different temperature
distributions in the chills. The thinnest chill showed an insufficient heat capacity
which resulted in continued rapid heating throughout the entire wall. The

intermediate chill wall had sufficient heat capacity to mamtain an approximately
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constant interface temperature, while the thicker onc was more than sufficicnt so

that the temperature continuously decreased afler reaching the maximum.

6.1.2 Heating curves of chills near the external surface

6.1.2.1 Elleci of superheat

Iig. 6.1.3a shows effect of superhcat on the heating curves of chills near the
exlernal surface (T4-1} for bar shaped aluminium castings. The curves are similar to
T3-t except at the initial stage. Initially there is no change in temperalure because it

requires time 1o reach heat to the external surface of chill.

6.1.2.2 Effect of chill thickness

Fig. 6.1.3b shows the effect of chill ihickness on T4-t curves for bar shaped
aluminium castings. Since it takes time to reach heat al D, the themmocouple of
higher chill thickness takes longer time to respond. The lime of remaining the
cxternal surface at the initial temperature has an effect on heat extraction from the
interfacc. I'he heat extracted by the chill depends on the temperature gradient of the
chill at the interface. When heat reaches the external surface, temperature pradient
near the extermal surface of Lhe chill decreases and this elfect defuses gradually
towards the casting-chill interface. As a result, the temperature of the inner surface
increases due to higher rate of heat aceumulation. Bishop et al.(49) observed that
the temperature of external surface of 38mm chill instanlanecusly increases,

whereas, that of 105mm chill remains at inilial temperature unto about 40sec.

6.1.3 Couoling curves of castings near the interface

6.1.3.1 Effect of superheat

Fig. 6.1.4 shows the effect of superheat on temperature-time profiles (T2-t) of
casting near the interface for bar shaped aluminium castings with 24mm Cl chill at
the end. The temperature, T2, measured at B is higher for higher pouring
temperature. The maximum temperatures arc 860 C and 666 C for the pouring
temperature 7035 C and 760 C, respeclively. Since B is only 4mm awey form the
chill a considerable lower temperature is recorded by it. Bishop et al. {49) observed

higher casting surface temperature for higher pouning lemperature,



6.1.3.2 Effect of ¢hill thickness

Fig. 6.1.5 shows the effect of chill thickness on the cooling curves, T2-t. of casting
near the chiil. Initially, for all chill thicknesses, the temperatures are same. The
figure shows that uplo about 30sec, (he temperatures are the same and after that a
slight lower temperature is observed for thicker chill. The thicker is the chill, the
more is the heat absorbed, resulting in lower temperature of casting for thicker chill.
Ra0 and Panchanathan (89), and Hou and Pehlke (70) found lower surface

temperature of casting for thicker chill.

6.1.4 Heat Flux

6.1.4.1 Effect of superheat

Fig. 6.1.6a shows the eflect of superheat on the transient interfacial heat flux of bar
shaped aluminium castings with 24mm CI chill at the end. It reveals that the
interlacial heat flux increases sharply with time from a minimum value to a peak at
all superheats. Then it decreascs very sharply within a few second and then slowly.
The calculation of HF staris from the time when T3 staris increasing. The peak
heat flux (HFmax)} is obtained at the end of (illing.

Jacobi {64} camicd out expenments using pure iron with water cooled copper meuld
wall and found IIF to increase to peak value and then Jecrease as a function of time,

HF = ath, where 2 and b are consiants.

Kumar and Prabhu (7) carred out experiments using bar shaped casting with 50 x
30 x 50mm copper chill at the end. They also found similar HF-time curves for
different aluminium alloys. For LM13 alloy, the peak value was 2.0 x 10° W/m’ for
the pouring lemperature of about 750 C. In the present study, the peak heat flux is -
1.02X10 ® W/m® when aluminium was cast with 50 X 50 X 47mm CI chill at the
end. The lower value of HFmax obtained than the former may be due to difference

in casting melal and chill material combinaticn.

Kumer and Prabhu {7) has mentioned that the peak heat flux was obtained shorly
afler filling and suggesied thal as the casling slarted solidifying, the contact became
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less and less perfect, resulting in a reduction of heat Nux and the peak vilue was
related with the start of solidification. In the present study, the peak value was
obtained at the end of filling.

As the level of liquid metal rises upward  the metallostalic pressure increases
continuously, When it fiils the feeder at the end of filling the metallostatic pressure
is at its maximum. The contact is more intimate with increasing melaliostatic
pressure, As a result the HFmax is obtained at the end of filling To verify whether
the peak is ussocialed with the start of selidification or with some other reasons, the
pouring temperature were varied. At the end of filling. depending on the superheat
of the molten metal, the casling surface was found Lo be liquid (Te-771 C) as shown
in 6.1.6b, or at melting point (Te-660 C) as shown in Fig. 6.1.6¢c or may form
solidified skin (Tc-615 C) as shown in 6.1.6d. The peak values were observed at
the end of filling for each of the three conditions. Others investigators (35,36,37)
have also obscrved that ihe heat extraction at the inierface increnses due to inerease

in pressure,

Afier the end of filling, as the liquid level decreases due to shrinkage, the contact
pressure decreases gradually. In one hand, when the melt staris to solidify, the
solidified skin may have sufficient strength to initiate gap after ihe end of filling and
it gradually tnereases. On the other hand, when the melt is nearly at the melting
point at the end of filling the solidification proceeds with nen-conforming solid-
solid contact. The lowering of pressure, the non-conforming conlact and the
initiation ol gap are all possibly rcsponsible {or the sharp full in heat flux after the
end of filling. A number of investigators (7, 37) suggested that the siart of
solidification caused the sharp decrease in heat {lux or heat transfer coefficient. The
present sludy shows that the decrease in meiallosiatic pressure is also associated
with the sharp decrease in HF. This sharp fall of heat flux changcs the slopes of
Tm, Figs. 6.1.6b, c and d show Lhe slope change in Tm at HFmax.
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Alter the sharp decrease in HF, the chill surface is sufficiently heated and the
differcnce between the Tm and Te becomes small and decreases very slowly with

time as shown in Figs. 6.1.6b-d. As a result the heat Mux decreases very slowly.

Fig. 6.1.6a shows that the difference in HF due to supcrheat is found to decrease
with time from peak heat flux, It also shows that the higher is the superheat, higher
is the I{fFmax. As HF is & product of (Tm-Tc) and HTC, the higher HFmax for

higher superheat may be due (o following reasons:

-the higher is the superheat, the higher is the initial temperature difference {Tm-Tc)
between casting and chill surfaccs

- the higher is the superheat, the better is the contact due o lower surface lension of
the liquid melal causing higher HTC.

6.1.4.2 Effect of chill thickness

Fips. 6.1.7a and b show the efTect of chill thickness on the transient interfacial heat
flux for bar shaped aluminium castings with CI chill for PT-800 C, and PT-760 C.
respectively. Initially HF increases m all cascs in a similar manner from a low value
to a maximum, The figures show a slight low value of HFmax for 24mm chill, but
the value is the same for larger chill thickness (47mm and 70mm). Fig. 6.1.2b and ¢
show that the effect of chill thickness on Tm is not observed upto cerlain time. Tm
will differ when heat flow will be controlled by the outcr surface of the chill. Afier
reaching thc external surface of the chill, the heat will take some time to create
lower temperature gradient at the nlerface and from that time the conduction
through chill is reduced. If ihe end of filling is before the time of reaching the effect
of chill thickness at ihe interface, the pcak heat flux, HFmax, will be the same as
ihe conduction is not hampered. For higher chill thickness, the time 1esponding the
thermocouplc at [ is after the lime of end of filling. It means that the heat does not
reach at the end of the chill and the effect of chill thickness is not noticed at the end
ol lilling. Consequently, the peak heat flux is the sume for thicker chills. But for

Z24mm chill, heat reaches the ouler surface before the end of filling and the heat flux
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at lhe interface is also conmolled by the surroundings. As a result, a slipht lower

HFnmiax is observed.

Kumar and Prabhu (7) found that the peak heat flux decreases with the increase of
chill thickness for aluminium alloys. In the present study, the effect of chill
thickness on HI'max is not observed for higher chill thickness. For lower chill

thickness the value of the peak is slightly lower than that of thicker chill.

The fipurcs show that HF for the thicker chills remain same even after HFmax.
Afier (hat a slipht difference in HF is observed when the effect of (hickness is
noticed al the interface. The time of responding themmocouple at D is longer for

thicker chill and ihe volumetric heai capacity is also greater for the same.

6.1.4.3 Total heat flux

Fig. 6.1.8 shows the effcet of superheat on the total heat flux for different chill
thicknesses up to 275 sec. It shows that the higher is the superheat, the more is the
lolal heat flux passes through interface. The higher is the superheat, the more is the
temperature difference and the beiter is the contact and the more is the heat passes
through the interface for the same span of time (275 sec). The figure also shows
thal -the higher is the chill thickness, the ore is the hcat to pass through the
interface. The higher is the chill thickness, the greater is the tcmperaiure difference
near the interface which will remain for longer time, as a result more heat will flow
through the interface. Fig. 6.1.8 also shows that (he difference of iolal heat
absorption due to ¢hill thickness decreases with the decrease of superheat and nearly
disappear for 45 C superheat. It shows that for 45 C superheat 47mm chill is enough
10 lake same amount heat flux as 70mm chill. For higher superheat, thinner chill is

not encugh to take heat as mnuch as thicker one,

6.1.5 Modelling
From the effect of superheat and chill thickness on heat Aux, it has been found that
the [IFmax varied with the vanation of superheats only and can be expressed as a

funetion of superheat,
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HFmax = 403600 + 6201 (§H) (for 45-140 C superheats)

The initial rise in heat flux is more or less linear which can be represented in the

following way :

HF B 1 N
HFmax C,
Cy = Time from responding the thermocouple at C to the end of filling

= Filling time- (ime reqnired to respond thermoconple at C,

In the present study C; 1s in between 14 sec to 16 sec.

t = time after responding thermocouple at C.

After reaching the peak heat flux .the HI decreases loparithmically in the following
way:

IF
HF max

= [1 -C, In{l - Cl)]

Cz=0.1693 - 0.4391*ChT + 0.0002*SH.

1t is found that higher the superheat higher is the value of C; and thicker the chill

lower 15 the value of Cs.

Using this model, the ruodel temperature-time profiles of various casting
experiments are obtained and shown in Fig. 6.1.9 (experimental and modelled

side by side}. They are all well maiched.

6.1.6 Interfacial heat transfer coeflicient (HTC)

0.1.6.1 Effecl of superheat on HTC

Fig. 6.1.10a shows the effect of superheat on transient HTC with 47mm chill at the
end. The heat transfer coefficient mereases rom a very small value to a peak value,
from which it decreases sharply to a ncarly steady valne. The pecak HT'C woere found
at the end of filling because of maximum metallostalic pressure. Issac et al. (15)

also found HTC to decrease from a2 maximum value to nearly steady value for
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alumintum casting in Cl mould. Davies (47}, Nishida and Matsubara {62) found that
ITC increases with conlact pressure. Sully (16) observed the initial rise in HTC
dunng filling due to increase in metallostatic pressure and the peak values of HTC

curves were related with the end of filling.

The figure also reveals that higher is the superheat more is the heal iransfer
coefficient. The higher is the superheat. the lesser the surface tension, the more is
the MMuidity of the melt and the betier is the conlact yiclding bigher HTC. Durham
and Berry (13) assumed higher constant HTC for higher superheat of lead casting
upon lamp-black c¢oaled water cooled brass chill to match the cstimated
solidification front with thai of experimental curves. In the present investigation, the
peak heat transfor coefficient are in the range of 1533- 3679 W/m’C for the
superheal in the range of 45-140 C and the sieady values for present study are in the
range of 900-21060 W/m’C.

6.1.6.2 Eliect of chill thickness on HTC

Fig. 6.1.10b shows the effect of chill thickness on transicnt HTC having same
superheat of 70 C. The maximum wvalue atiained at the end of pouring. No
remarkable effect of chill thickness on HIC has been found. HTC depends en the
contact between the casting and chill. Contact depends on surface condition and on
the welability of the melt on the ¢hill surface. For same superheat the surface
condition is same for any chill thickness. As a result the chill thickness has na effect
on HTC.

6.2 PLATE SHAPED CASTING

Fig. 6.2.1 shows a typical tcmpcrature-time profile of a plale shaped aluminium
casting (68mm thick) in 26 mm thick CI plate mould. The pouring temperature is
750 C. The maximum temperatures obtamed at the centre (at A) and at a distance of
4mm from the interface (at B) of the casting are 686.5 C and 661.5 C, respectively.
The temperatures T1, T2, T3, and T4 are at A, B, C, and D, respectively. The points
 and D are in the mould at a distence of 3mm and 22mm from the casting

mtetface.
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The top two curves { T1-t and T2-t ) are the cooling curves of casting. The beltom

two curves ( T3-t and T4-t) arc the heating curves of mould.

The thermocouples 1 and 2 are located at the mid level of the mould cavity where
the heat flow can be considered as 1-D flow. Initially, both the thermocouples
respond very quickly. This is followed by sharp decrement of temperature 1o the

melting point of alummium.

T1 is always higher than 12, but the differences between them is very small as
indicated by the cooling curves duc to high thermal conductivity of aluminium. T2
IemAains very near to melting point as long as the cenire is liquid with latent heat.
After complete solidification, the temperatures falls at a faster rale and with time
their difference become negligible. The faster rate of cooling is due to the fact that

there i no more latent heat.

The temperatures in mould initially continuously increase, As time elapsed the

difference between T3 and T4 increases to a maximum value and then deereases.

6.2.1 Heating curves near the intcrface

6.2.1.1 Effect of superheat

The Figs. 6.2.2a and b show the effsct of supcrheat on the heating curves of the
mould near the inlerface of 68mm and 52mm thick aluminfum castings,
respectively. The figures reveal that (he higher is the superhcat, the steeper is ihe
initial heating curve and the highcr is the maximuom mould temperature as observed

in bar shape casting with 24mm CI chill at the end.

6.2.1.2 Effect of casting thickness

Figs. 6.2.3a and b show the effect of casting thickness on the heafing curves {T3-t)
of the mould near the inlerlace for pouring temperatures of 800 C and 830 C,
respectively. The curves reveal that the raie of increase of mould temperatures near
the interface are same (or both cashing ibickness with same superheat up to 30 sec

and 10 sec for the pouring temperaturcs of 800 C and B850 C, respectively. Afier
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that the rale of increase of temperature of the mould for thicker casting is higher
than that of thinncr one and the temperature T3 for thicker casting  always remains

higher than that of thinncr one.

The higher is the casting thickness, the higher is the maximum temperature (T3max}
and the longer is the time to attain the maximum temperature. The higher is the
casling thickness, the more is the heat content which enters the mould lor longer
period of time, As a result, after the initial pedod T3 increases at a higher rate and
the time to reach the maximum temperature is longer for thicker casting than that
for thinner casting. Initially, the contact pressurc and (Te-Tm) are similar for all the

casting thickness, so T3 initially increases at a similar rate.

6.2.2 Heating curves near external surface

6.2.2.1 Effect of superheat

The Figs. 6.2.4a and b show the effcet of superheat on heating curves, T4-, of
mould near the exiernal surface of 68mm and 352mm thick plate aluminium
caslings, respectively. The time of increasing T4 at a same rate is lonper than 173
(Figs. 6.2.4a-b). The thermocouple 4 is delayed respond and the T4-t curves are
less steeper due to its position as mentioned earlier. The difference due to supcrheat
is also lesser than that of T3. The time of atmining maximum temperature is also
more than that of T3. The maximum lemperature is lesser than that of T3 as point

D is far away Irom the interface than from point C.

£.2.2.2 Lifect of casting thickness

Fig. 6.2.5a and b show the effect of casting thickness on healing curves of mould
near the cxtemmal surface [or pouring temperaturcs of 800 C and 850 C, respectively.
The thermocouple 4 is delaved respond than the thermocouple 3. T4-t is less steeper
ithan T3-t. The maximum temperature of thermoconple 4 is also lesser and more
time to atlain the maximum temperature than that of thermocouple 3 as mentioned

earlier.
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6.2.3 Cooling curves at the cenire
6.2.3.1 Effect of casting thickness

Fig. 6.2.6 shows the effect of casting thickness on cooling curves of casting at the
centre of casting {at A) for 850 C pouring lemperature. The maximum (emperature
obtained at A are 777.6 C, 725.0 C and 685.0 C for casting thickness 68mm, 52mm,
and 36mm, respectively. Thinnce casting solidifies ahead of flucker one due o

lower heat content of the thinner casting than that of thicker one.

6.2.4 Cooling curves near the interface
6.2.4.1 Effect of superheat

Fig. 6.2.7 shows the effect of pourng temperature on lemperature-time profiles,
T2-t. at B for plale shaped aluminium casting for 68mm thick casting. The T2max
are 8090 C and 7591 C for pouring temperatures of 910.0 € and 875 C,
respectively, Tl reveals that the higher is the pouring temperature, the higher is the
T2max. Due to higher initial surface temperature of the casting {or higher pouring
temperalure, the castmg-mould interface contact is better. ‘Thercfore, the surface
temperature of the casting with higher pouring temperature falls at o faster rate and
becomes lowcer than that with lower pounng temperature. No holding time at the
melling point is observed in 12-t. Upto the end of solidification, T2 1s found to
mereases gradually from a minimum value towards the melting point  due (o

inerease in interface registance.

6.2.4. 2 Elfect of casting thickness
Fig. 6.2.8 shows the effect of casting thickness on T2-t {or pouring temperature of
850 C. It revels that the higher is the casting thickness, the higher is the T2max. T2

always remains hipher for higher casting thickness.

6.2.5 Heat flux
6.2.5.1 Effect of superheat
Figs.. 6.2.9a and b show the effect of superheat on the transient interfocial heat flux

of 68mm, and 52mm thick plale shaped aluminium casting, respectively. Like bar

shaped caslings, heat flux increases wiih the increcase of time to a peak valuc,
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HFmax, at the end of filling and then il sharply decreascs. Afler that it decreascs

slowly. The slight variation of peak position is due to the variation of filling time.

Like bar shaped castings, the surface temperature, Te, of the casting al peak heat
flux indicates that the surlace remains either liquid (Te-711 C, CT-68mm) as
shown in 6.2.9¢, or at melting point (Te- 660 C, CT-52mm)} as shown in  Fig.
6.2.9d or may form selidified skin {Te- 640 C, CT-36mm) as shown in Fig. 6,2 9e,

The nature of HF-tiine curves are similar as those of bar shapes casting and could be

gxplained as earlier.

6.2.5.2 Elfect of casting thickness

Fig. 6.2,10 shows the effect of casting thickness on transient inlerfacial heat flux for
a pouring temperature ol 850 C. Initially both of them increase in a similar manmer
from a very low value (o pcak value. The values of HFinax (690792 and 711608
W/m? ) are found Lo be nearly the same for both the casting thicknesses, For thinner
casling, the amount of heat conient is lesser than that for thicker casting. The
casting surface lemperature starts to deercasc ahead of  thicker one. As a result,

the HY for thinner ote decreases shead of thicker one.

6.2.6 HFmax
Fig. 6.2.11 shows the effect of superheat on the HI'max for different casting
lhicknesses. The average linear relationship between HFmax and the superheat is:

HFmax = 986687 + 3488 (SH)

6.2.7 Solidilication time

6.2.7.1 Effect of superheat

Fig, £.2.123 shows the effect of superheat solidification time for different casting
thicknesses. From the figure it 15 found thal solidification time increases with the
mcrease of superheat.

With the increase of superheat. the wotal heat content of casling increases and more

time o be required to dissipate it to the mould, resulting in higher solidification



lime. 1t can also be mentioned ihat with the increase of superheat the HTC also
increascs resulting in decreasc in solidification lime. Bishop et al. {49} carried out
experiments with medium carbon steel in CI mould and found higher solidification
time for higher pouring iemperature. Din {90 also found higher solidification time
for higher superheat for ZAZ27 alloy plale shape casting in cast iron mould and
suggested that the solidification time increases with the increase in  total heat
conlent due te increase in supetheat. Moreover, a high superheal of the molten metal
may heat up the mould at high temperutu:? and will, therefore, be expected lo make

an increase m solidification time.

EfTect of superheat on solidification time, 1 ¢an also be found from Ruddle’s (91)

formula given below:
t=|| o L
f [[SA 11282(Ti—Tm)) -+ 52

Here,

Y= volume of casting ;

5A= cooling surface area of casting;

L = latent of fusion;

SH= superheat;

Ti= mould metal interface temperature;
Tm= initial mould temperature;

o~ thermel diffusivity of the mould

p = density of metal.

The above cquation shows that solidification time increases with the increase of

superheat.

6.2.72 Effcct of casting thickness
Fig. 6.2.12a also shows that the higher is the casting thickness, the higher is the
solidification time. The rate of heat extraction from a given casting is a function of

casting shape and size, heat content of casting, interfacial heat transfer coefficient,
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mould temperature, and thermal properties of the casting and mould materials.
Increasing the tolal amount of heat which must be removed during solidification
has significant effect on  solidification time. For castings having same superhea,
the liquid metal density, specific heat and the heat content of casting will be
proportion o ils volume. Henee, solidification time increases with the increase of

casting thickness,

Fig. 6.2.12b shows that the solidification time increases with the increasc of
modulus of casting (V/A} quadratically for plate shaped alumimum casting in cast
1ron mould for pouring temperature of 850 C. Din (90) found that the solidification
tiine increases with increasing casting thickness for ZA27 alloy in €1 mould. The
Ruddles’s Tormula as given before also shows that the salidification time increases
quadriticalily with the increase of modulus of casting. For plate shape casting, V/A
represenis the half of the casting thickness.

6.3 CYLINDRICAL SHAPED CASTING

Fig. 6.3.1 shows a typical temperature-time profile of 76mm diameier ¢ylindrical
shaped aluminium casting in a 26 mm thick cylindrical CI mould. For a pouring
temperature of 950 C, the maximum temperature obtained al A and B are 823.0 C,
and 308.8 C. respectively. The initial mean mould temperature is 107 C. The
temperature-time  profile is shown from the lime when temperature of the
thermocouple at € begins to increase. The top curve is the cooling curve. T1-t, at
the centre of the casting (at A) and the sccond is the cooling curve, T2-t, in the

casting 4mm away from the interface {al B).

The third one is the heating curve of the mould, T3-t, at a distance of 3mm from
the interface (at C} and the lower one is the healing curve of the mould, T4+, ata

distance of dmm from the external surface (at D).

Imtially, the t(hermocouples at A and DB, respond very quickly to rmaximum

temperatures, This is ollowed by conlinuous fall of lemperatures to melting point



of alumimium. The fluctuation in the cooling curves obscrved above melting point is
duc to the turbulence in the molten melal. The holding lime of T2 at the melling
point is very short compared to that of T1. After solidification, T2 dccrcases very
slowly. The diffcrence between T1 and T2 is appreciable up to the end of
solidification. After the end of solidification, T1 is sharply decreased and this

difference gradually decreases.

Temperatures T3 and 14 in mould continuously increase. Initially, T3 increases at a
higher rale. As the (ime elapsed, the difference belween them increases o a
maximum valuc and then continuously decreases. T3 is always greater than T4

because of the location of thermocouples.

6.3.1 Eflect of superheat and mould temperature

6.3.1.1 Heating curves of the mould

Fig. 6.3.2a and b show the effect of superheat on the temperaturc-time profiles,
(T3-t) of mould at C for initial mean mould temperatures of 82 C and 107 C,
respechively. Like bar shapes and plate shapes, the highcr is the pouring
temperaiure, the steeper is the healing curves and (he higher is the maximum mould

temperaturc.,

The effect of superheat on temperature-time profiles of thermocouple at D (4mm
from the external surfacc) for initial mean mould temperature 82 C 15 shown in Fig.
6.3.3a and for initial mean mould temperature 107 C is shown in Fig. 6.3.3b. The
effect is similar to that of T3 except thal the T4 starts increasing afier some time

and the initial rate of increasing is slower than that of the former.
The above figurcs show that the higher is the imitial mould temperature, the higher

and the steeper are the heating curves, which is more prominent near the interface as

indicated by T3 (Fig. 6.3.23 and 2b).

g7

U



6.3.1.2 Cooling curves of castings

Fig. 6.3.4a and b show the effect of pouring iemperature on temperaiure-time
profiles of thermocouple at A for initial mean mould temperatures of 82 C and 1G7
C, respectively. It reveals that the higher is the pouring temperature, the higher is the
Tlmax. Solidification time as indicated by the cocling curves, T1-1, is higher for

higher superhcat.

Iig. 6.3.5a and b show the effect of pouring temperature on temperature-time
profiles, 12-t, at B for initial mean mould temperatures of 82 C and 107 C,
respectively. The curves show that the holding time of T2 at the melting point is

very insignificant as B is only 4mm from casting mould interface.

6.3,1.3 Heat flux
Fig. 6.3.6a and b show effect of superhcat on the transient inlerlacial heat flux for
initial mean mould iemperatures of 82 C and 107 C, respectively. The hcat flux

curves are similar in nature with that of bar shaped and plate shaped castings.

The position of the peak of heat flux curve is found to be related to the filling time.
The peak heat flux is cbtained at the end of filling. As in the case of har and plate
shaped castings the surface temperature, Te, indicates that the casling surface may
form sohdified skin (as shown in Fig. 6.3.7, MT- 107 C, Tc- 657.6 C) or may
remain liquid nearly at melting point (as in Fig. 6.3.8, MT-107 C, Te- 670 C) at
HPrmax ( cnd of filling). Fig. 6.3.9 shows that the slope change in Tm occurred at
HFmax.

Fig. 6.3.10 shows the difference of Tc and Tm (Te-Tm ) with time. The difference
falls sharply upto HTCmax, afler that, it decreases slowly.

6.3.1.4 HFmax
Fig. 6.3.11 shows the cffect of superheat on HFmax for different initial mould
temperatures. 1t shows that HFmax increases with the increasc of both superheat and

mould lemperature. Higher superheat yields higher HFmax due to higher difference
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of Tc and Tm at the interface and may be duc to betier contact at the interface,
Higher mould temperature vields higher HFmax becausc of betier contact. HFmax
can be related with SH as follows:

HFmax = 364556 + 1612(8H} for 82 C MT

HP'max = 511529 + 1312(8H) for 107 CMT

6.3.1.5 Heat transfer cocfFicient

Figs. 6.3.12a and b show the cffect of superheat on [ITC-time curves for 82 C and
107 C initial mean mould temperaturcs, respectively. The figures reveal that the
HTC increases from a mimmum value (0 a maximum valuc {HTCmax). The peak
HTC coerrespend o the end of filling (ai the time of occurrence of HEmax) due to
maximum meiallostalic pressure. Afier that it decreases rapidly and then very
slowly. [he sharp decrease from HTCmax might be due o decrease in metallostatic

pressure, non-conforming contact and probably initialion of gap.

6.3.1.6 HTCmax

Fig. 6.3.13 shows the variation of HTCmax with the vanaton of superheats for
different imtial mean mould lemperatures. It reveals that HI'Cmax increases with
the increase of both the superheat and mould lemperature. The cause of higher
mould temperaiure yielding more HTCmax may be due (o beter contact at higher
supcrheat and higher mould temperature. For the simulation of solidification of
pure lead upon lamp-black coated water cooled brass, Durham and Berry (13)
assumecd higher constani HTC for higher superheat. HTCmax can be related to SH

as [ollows:
HTCmax =402.02 + 7.14 (SH) for MT-82 C
HTCmax = 721.95 + 8.38 (SIT) for M- 107 C

6.3.1.7 Solidification time

Fig. 6.3.14 shows the effect of superheat on solidification time at inittal mean
mould temperatures ef 82 C and 107 C. Like plate shapes castings, the solidification
time increases with the increase of superheat. The effect of mould temperature is not

observed.
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Theaoretical calculation (art 3,3.2 ) shows that for a consiant HTC the solidification
time increases quadratically with the increase of superheat. But HTC increases with
the increase ol superheat (Fig. 6.3.12a and b) and therefore slope of 4 -time curve

decreases gradually with the increase of superheat,

Assuming constant HT'C throughout ihe solidification proccss it has been observed
{arl 3.3.2) that solidification time increases with the icrease of initial mould
temperature, but in practice, the estimated HTC has been found to be higher for
higher initial mould temperature (Fig. 6.3.13), which tends to decrease solidification
time. Therefore, for the initial mean mould temperature of 82 C and 107 C, the
opposite effect balances each other showing no remarkable elfect of initial mould
lemperature on solidificaiion time. Mohan (33) found that the solidification time
increases marginally with the increase ol initial mould lemperature for cast iron in
cast iron mould. Din (90} carricd out experiments with ZA27 alloy casting in cast
won mould and found solidification lime to increase about 20% when mould
temperature was increased [rom 150 C to 200 C and about 117% when mould

lemperature was increased from 200 C to 230 C.
Din’s {90} graphical representation reveals that the effect of mould temperature on

solidificalion may not be obscrved or may be insignificant for lower mould

temperature as in the range of 8210 107 C,
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CHAPTER 7

CONCLUSIONS

The following conclusions may be drawn from the present thcoretical and
experimenial investipations,

THEQRITICAL INVESTIGATIONS

Based on the theoretical investigalions, the following conclusions are drawn:

1. Solidification time decreases with the increaging mould thickness upto a
critical value, called serm-indinite mould (hickness, above which, the
solidification time is not affected by the mould thickness.

2, Solidilication time increases with the incrcase of interfacial thermal
resistance.

3. Solidification time increases quadratically with the increase of casting
thickness. superhecat of molten melal, and initial mould temperatures.

4. Aluminium in CI mould solidifies ahead of Alumimum in sand mould due to
higher thermal diflusivity of CT than that of sand.

5. The solidification 1ime 1s the highest for zinc and the lowest for alumininm.
The solidification time of copper 15 in bebween zinc and aluminium. Copper
sohdifies ahead of zine, because of higher melting point and thermal
diflusivity of copper.

8 Experimental and simulated resulis of Al castings in semi-infinitc  sand
mould are in good agreement.

EXPERIMENTAL WORK

Based con the experimental investigations, the [ollowing conclusions are drawn:

Bar shaped casting

1.

Initially the tlemperature of the inner surface of the chill increases at the same
rale for all the chill thicknesses, but for higher superheat of molicn metal, the

rale becomes faster. The cffect of chill thickness on heating curves s
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observed afier the heat reaches the exiemal end, but the effect of superheat on

it 15 felt from the early slage of heating.

2. Interfacial heat flux increases from a low value Lo a peak valuc (HFmax). The
IIFmeax is oblained at the end of filling due to maximum metallostatic
pressure.

3. The HFmax is not affected by the chill thickness when it is morc than certain
limiling value,

4. HFmax incrcases with the increase of the superheat of molten metal. The
effect of superheat on HF, diminishes with time afier ihe occumrence of
HI'max.

5. The eilect of chill thickness on HF-lime curves is observed afer some time
from the occurrence of HFmax. It increases with the increases of chill
thickness.

6.  The effect of chill thickness on total heat flux is sipnificant for higher
superheat, it decreases as the superheat decreases.

7. HTC 1s higher lor higher superheat of molicn metal.

8. No remarkable cfleet of chill thickness on ITTC is observed.

Plate shaped easting

1. The lemperature of the inner surface of the mould inilially increases at the
same rate for all casting thicknesses, but the rate becomes faster at higher
superheat of molten metal. The effect of casting thickness on heating curves
15 observed after an initial period, but the effect of superheat on it is felt from
the early stage of heating.

2. Superheat affects cooling curve initially. but casting thickness affects it afier
an initial period.

3. HFmax occurs at the end of filling due to maximum metallosiatic pressure.

4, HFmax is not affected by the casting thickness.

5. The higher is the superheat, the higher is the HFmax. The elfect of superheat

on HF, diminishes at later stage.
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Cylindrical shaped casting

1. The higher are the superheat and initial mould temperature, the higher and
steeper are the healing curves,

2. The higher arc the superheat and initiat mould temperature, the higher are the
HFmax and HTCmax.

3. The higher is the supecrheal, the higher is the selidification time. The slope ol
the solidification time-superhcat decreases with the increase of superheat.

4. There is no significant effect of initial mould temperature on the solidification

time m the range of 82 to 107 C of initial monld temperature.
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SUGGESTIONS FOR FUTURE WORK

The following suggestions can be made for betier undersianding:

1. A semi-infinite mould mode! with dilTerent mould-melal combinations should

be developed using (ransient heat transfer coefficient and should be verified

experimentally,
2. The cffect of filling ime on I{F and HTC should be smdied,
3. The effect of very thin mould on solidification of castings should be studied,
4. The eflect of initial mould temperature on solidilication of casting should be

thoroughly studied.

5. The effect of cooling at the cxternal surface of mould on interfacial heat
transfer, structure and surface texture of casting should be studied.

6. The effect of organic coaling al the mould/chill surface on interfacial heat

transter and solidiftcation of casting should be studied.

7. The intcrfacial heat transfer for 3-D object at various [ocations should he
evaluated.
8. By applying pressure afler the end of filling, the occurrence of HFmax and

HTCmax for dilferent superheat of molten metal should be studied.



REFERRENCES

1.

10.

11.

Chvorinov, R., “Theory of Solidification of Castings™, Giesserci, p.177,
{1940).

Berry, 1. T. , Licets of Solidifcation Conditions on Mechameal Behaviour of
Ahmminium Cast Iron, AT'S I'mans. vol. 78, p.421, {1970).

Sirilerrworakul, N., Webstar, P.D. and Dean, 1. A., Computer prediction of
locatton of heat conmes in casling, Materials Sci. and Tech., vol. 9, p.923,
{Ociober 1993),

Darwish, 5.M. H., Computer assisted riser design and Placement, Int. J.
Mater. Prod. ‘Techaol., vol. |, p. 43, (1997).

Chigsa, F., Mammen, J., and Smicly, L.E., Use of sohdification modelling o
predict porosity, disiribution in Al A356 industrial casting, 102nd Annnal
Meeting of AFS, Allanta, GA, USA, {10-13 May 1998)

Prabhu, k.M., Madheswaran, D., Kumar, T.S P, and Venkalaraman, N.,
Computer Modelling of Heat Flow and Microstructure Fineness in Chill-
Cast Aluminium alloy LM-24, AFS Trang,. vol. 100, p. 611, (1992).

Kumar, T.8.P and Prabhu, N.K., “Heat Flux Transient at the Casting /Chill
Inierface during Selidification of Aluminium Base Alloy, Met, Trans. B, vol.
223, p.717, (October 1991},

Prabhu, K.N., Srinivas, and Venkataraman, N.. Effect of Casting/Mould
Wall/Casting thickness on Heat Transfer and Solidilication of Al-Cu-5i
Alloy (LMZ21} in Cast Iron Moulds, . AFS Trans,. vol.102, p. 94, {1594).
Prabhu, K.N., Srinivas, and Venkataraman, N., Effect of Mold Paramelers
on Solidification Behaviour of Al-Cu-8i alloy (LM21} Cast Tron Molds, 415t
Indian Foundry congress, The institule of Tndian Foundryman, New Delhi, p.
337, {Fcb., 1993).

Ho, K. and Pehlke, R D., Mechanism of Heat Transier at a Metal-  Mould
Interface, v. 92, p.587, (1984).

Ho, K. and Pchlke, R. D, Transienl methods for Determmation of
Meilal- Mould Interfacial Heat Transter, AFS Transaaactions, vol. 91, p. 689,
(1983).



12.

14.

15,

16.

17.

18

14,

20.

21

22

23.

249,

Ho K. and Pehlke, R. 3., Metal-Mould Interfacial Heat transfer, Met.
Trans., vol.16B, p. 585, (1985).

Durham D. R. and Berry, I.T. . Role of the Mould-Metal Interface During
Sohdilication of A Pure Metal Against a Chill, AFS Transactions, vol.

82, p. 101, (1974).

Tillman, E. 3., and Berry, 1.1, Influence ol Thennal Conduet

Resistance on the Solidification of Long Freezing Range alloys,
AFS Cast Mcials Research  Joumal, p.1, (Mar 1973).

Issac, I Reddy G.P. and Sharmma, G. K., “Variations of Heat Transfer
Coefficienis during Solidification of castings in Melallic Moulds”, The
Britishman, p. 465, (November 1985).

Sully I.. J. 1), The Thermal Interface Between Casting and  Chill Moulds,
ALS  Transactions, vul, 84, p. 735, (1976).

Ilemings, M.C., Sclidification Processing, McGraw-I1ill, USA, (1974).
Cambell, J., Castings, Butterworth-Hienmann Lid., Oxford, p.126, (1991).
Askeland, D.R., The Science and Engineering of Materials, 2™ SI ed..
Chapman and Hall, London, p. 226, (19943,

frami 1. R, and Kondic V., Casting and Mould Design Effect on Shrinkage
porosity in- Light  Alloys, AFS Trans., vol. 77, p.208, {1969).
Srinivasan, M.N, Seshardi, M.R. and Ramachndran, A., * Stadies on
solidification of Non-femmous castings in metal  in metal Moulds™, AFS Cast
Mctals Rescarch Journal, .23, (March1971),

Srinivasan, MN, Seshardi, M.R. and Ramachndran, A., “Thermal Aspect of
Metallic Moulds”. AL'S Trans., vol. 78, p. 395, (1970).

Issac, J., Reddy G.P. and Sharma, G. K., “Experimental Investigalion of the
influence of casting Parameters on the Formation and Distribution of Airgap
during the Solidification of Casiings in Metallic Moulds™, AFS Trans., vol.
93, p.29, (1985).

Nehru, KYK, Seshadri M.R., and Ramchndran, E.G., Influence of Insulating
Mould Ceatings on the solidification of Cepper Castings in Metallic Moulds
and ‘Thermal Behaviour of Moulds”, AFS Cast Metals Research Journal.,
p.111. (Seplember 19743,



6.

27.

28.

29,

30.

32.

33

34.

33,

30.
37.

Issac, J. Reddy G.P. and Sharma, G. K., “Numerical Simulation of
Solidification of Castings in Metallic Moulds”, AFS Trans., Vol. 93, p. 123,
{19835).

‘Thamban M.1. and Panchanathan V., “Nunerical Simulaiion of Solidification
of Al Alloys in Cast Iron Moulds™, AFS Trans., vol. 88. p. 167, (1980),
KuHtamba, R.G.¥. and K. Panchanathan V., “End Chills Inluence on
Selidification Soundness of Al-Cu-5i (LM4) Alloy Castings”, AFS Cas{
Metals Research Journal., p.135, (Seplember 1973),

Thamban, M 1., Gopalakrishna, S. and Penchanathan V., “Thermal Behaviour
of Cast Iron Moulds with Leng Freezing Range Aluminium Alloy, AFS
Trans., vol. 87, p. 171, (1979).

Prabakar K.V, and Seshardi M.R., © In{luence of Chills on the Soundness of
Al-12%5i Alloy Castings™, AFS Trans., vol. 87, p. 377, (1979).

Shrimvasan, M.N., “Heat Transler Coefficient at the Casting Mould
Interlace During Solidification of Flake Graphite Cast Iron in Metallic
Moulds”, Indian Joumnal of Technology, vol. 20, p. 123, (April, 1982}.
Mohan ¥. and Scnoy, R. N., = Prediciion of Solidification Time of lron
Castings in Metallic Moulds”, AES Trans., vol. 90, p.435, {1982).

Nchru, K.V .K., “Studies on the influence of Mould Coats on Solidification of
Copper and Gunmetal castings in Meiallic Mould™, 'h.D Thesis, IIT, Madras-
36, (July 19743,

Mohan, V., “Studies on Some Aspect of Permanent Moulding (Gravity e
Casting of Cast Iron®, II'T, Madras-36, {September 1981).

Chinnathambi K., “Feeding Aluminium Rase Alloy in Metallic Mould”, Ph.D,
Thesis, T Madras-36, (1979).

Pathak $.D., Teeding Efficicncy Parameters and Feeding Range [or Aluminum
Base Alloys Cast in Metallic Moulds’, Ph.D, Thesis, IIT Madras-36, (1984}
VYeinik, A. L, Thermodynamics for Foundrymen MaClaren, London, {1968).
Prates, M. end Bilonmi, H., Variables Affecting the Nature of the Chill-
Zone, Met. Transactions 3A, p. 1501, (1972},



38.

39.

44,

41.

42,

43,

44.

45,

46,

&7

43.

49,

Morales, A., Glicksman M E. and Bileni H., *“Tnlluence of Mould Wall
Micrpcometry on Casting Structure”, Solidification and Casting Metals, The
Metal Society, London, p.184, (1979).

Assar, A. M., “Mould Surface Roughness and Interfacial heat transfer unsing
heay flow model”, Malerials Science and Tech., vol. 13, p. 702, ( August
1997).

Prabakar K.V., Seshardi MR, and Srinivasan, M.N, “Studies on
Solidification of Al-Cu Castings in Coated Dies and Thermal Behaviour of the
Dies”, AFS Trans, vol. 82, p.387, (1974).

Gafur. M. A. and Hague, N, “Elfect of Process Variakle on Solidification
Time of Zinc and Copper,” Proceedings, The First APM' 94, BIT Khulna,
October 26-29. p. 384, (1994).

Patterson W., Ingler 5., and Dieiz G, ** Solidification of Copper Tin Alloys™,
Giessarci Tech. Beih, GiesserWelt. Metallurpia, p. 1617, (1960).

Durham , D.R., Verma D. and Berry 1.T., “Some Further Observation on
freezing From Chills”. ATS Trans. vol. 84, p.787, (1976),

Srinivasan, MN, Seshardi, M.R. and Ramachndran, A., “ Solidification of
Simple Shaped Castings in Metallic Moulds”, British Foundryman Society.
vol. 59, p.314, (July 1966).

Chattenjee, 5. and Das, A. A., “Effect of Pressure on the Solidification of
Some Commercial Aluminium-Base Casting Alloys”, Dritish Foundryman,
vol. 65 (11}, p.420, (November 1972}

Chatterjee. 8. and Das, A. A., “Some observations on ihe Ellecl of Pressure on
the Solidihication of Al-Si Eutectic Alloys”, British Foundryman, vol. 66 {4,
p.118, (April 1973).

Davies, V. de L., Heal Transfer in Gravity Die Castinp. British
Foundryman 73, p. 331, {1980).

Ayyampernumal, M. “Feeding Bar and Cylindrical Castings of Aluminium
Base Allovs in Metallic Moulds™, Ph. D Thesis, IIT Madras-36, (1984),
Bishop, H.F., Barant, F.A., and Pellini, W.5., “Solidification of Steel
Against Sand and Chill Walls,” AF5 Trans.m vol. 59, p.435, (1951).



50.

31,

52,

a3,

54,

33,

26.

37

=13
59,

4.

61.

62,

63.

04,

Bishop, H. F., Barant, F.A_, and Pellini, W.S ., Solidification Mechanism of
Steel Ingots, J. of Metals, p.45, (Jan 1952).

Savage, L. H. W. and Fowler, R. T., Ingot Heat Conservation. JISL p. 119,
{Feb 1953).

Fisher, G. A., Solidification and Soundness Prediction for Larger Steel
Ingot, Proc. ASTM, p. 1137.(1962).

Jeyarjan, A. and Pehlke, R. [, Computer Simulation of Solidification of
a Casting with a Chill, AFS Transactions, vol. 84, p. 647, {1976).
Walanabe, 5. et al., [leat Transfer in a Continuous Casting  Mould, Testu
ITagane, vol. 38, No. 11, lectures 109 and 110, p. 5393,
Bruchier Translation No, 8906, (1972).

Pehlke, R. I3.. The interface in Computer Siinulation of Ieat Transfer in
Metallurgical Process, Metals Engr. Quaterly, p. 9, {1971).

Hanzel, 1.G., and Keverian J., Gap Formation in Permanent Mould Casting,
AFS Trans. Vol. 68, p373, (1960,

Deras, Rev. de Metall., p. 137, {Junc 1946).

Matuschka, B, Archiv £, Eisenhuftenwesen, vol. 2, p. 403, (January 1929).
Engler, S.. Bocnisch, and Kohler, B., Meal and Mould Wall Movements
During the Solidification of Cast iron, AFS Cast Metal Research
Joumnal, p. 20, { Mar 1973).

Levelink, H. G., Julien, F2.M.A., AFS Cast Metal Rescarch 1., p. 56.
(1973).

Campbell, J., Casting, BUTTERWOR1H HEINEMANN Lud, p. 90, (1991).
Nishida, Y., and Matsubara H., Effcet of Pressure on Heat Transfor at

the Metal Mould- Casling Interface, British Foundryman 59,  p. 274,
(1975).

Rapier, A.C,, Jones, T.M. and Mclntosh, J.E., The Thermal Conduction of
Uramium Dioxide/Slainless Steel  Interfuces, Int. J. Heal Mass
Trans., vol. 6. p. 397, (1963).

Jacobbi, H., Influence of Dillerent Gas Atnospherc inthe  Gap in the Heat
Transfer belween Ingot and Water Cooled  Mould, Arch. Eisenhuttenwes,
47, no. 6, p. 441, {1978).



3.

.

67

8.

69.

70,

71,

72,

73,

74.
735.

76.

77

Marrone, R. E., Wilkes, J.O. and Pehlke, R.D., Numerical Simulation of
solidification, AFS Cast Mecral ResearchlJ., vol. 6(4), p. 184,
{Dec. 19700,

R.D. Pehlke, Kint, M.J., Marrene, R. E., and Cook, D. 1., Numerical
Simulation of Casting Solidification, AFS ~ Cast  Metal J,, Vol. 9 (2), p.
49, (1973).

Marrone, R E., Wilkes, J.O. and Pehlke, R.D., Numcrical Simulation of
solidilication, AFS Casl Metal Rescarch 7., vol. 6 (4), p. 188, (Dec. 1970).
Jeyarjan A. and Pehike R. D, Casting Design by Compuler, AFS
Transactions, vol. 83, p. 405, (1975).

Houw, T. X. and Pehlke, R.D , Computation of Solidification of a Steel

Casting in a Sand Mould, AFS  Transaction, vol. 95, p.477, (1986).
Hou, T. X. and Pehlke, R.D., Compuration ol Solidification of a Steel

Casting Against a Chill Mould Wall, AF'S Transaction, vol. 97, p.151, (1988).
Sun, R. C., Simulation and Smdy of Surface Conductance for Heat Flow in
the Liarly Slage of Casting, AI'S Cast Metals  Research Joumal, p.
117, (Sep 1973).

Alalem, K. A, T., Sharma. D.G R. and Rahmat, A_, Simulation ol Casting
Solidification in Metal, Int., Conference of RAMM. Parkroyal Penang,
Malaysia, p. 111, (3-5 May,1994).

Sharma, D.G.R, Prabhakar, 0., “Computer Simulation of Scolidification With
Feed Metal Transfer”, Trans, lim, vol. 38, p. 320. {August 1985).

Linacre, E.T., BISRA Report, PefA/2631, (August 1951).

Das, 8. and Maul, AL, Delermination of Tnterfacial Heat Transfer Coeflicient
in Casting and Quenching Using Solution Technique for Inversae Problems
Based on he Boundary Element Mcthod, Met. Trans B, vol. 24B, p. 1077,
(1993}

Beek, 1Y, Blackwell, B., and Charles R St Clair, Jr., Inverse Heat
Conduction -Ill-posed Problems, Wiley Inlerscience, (1985).

Beck, 1.V, Non-linear Estimation Applied to the Non-linear Tnverse Heat

Conduction  Problem, Int. J. Heat Mass Trans.,  vol, 13, p. 703 (1970). -



78.

79.
0.

Bl.

82.

33,

84.

8s.

86,

87

88.

89,

Robertson, S.R. and Fascetts, Metall. Trans., B. 1997, vol. 8B, p. 619,
(1997,

(arcia, A., Clyne, T. W. and Parels, Metall. Trans_, Vol. 10D, pp.85, (1972).
Clyne, T. W. and Garcia, A., Int. J. Heat Mass Transfer, vol. 23, pp.773,
{1985).

Levy, 8. A, Lipson, 8. and Rosenthal; AFS Cast Metal Journal, vol. 8, p.1
{1872,

Tu, 1.8, , Inverse Heat Conduction Solution Using Two Dimensional Finite
Llement Selver, Proceedings of Winter Annual Session, p. 47, (1988).
Gafur, M.A., and Haque, M.N., Computation of Selidification Time of
Aluminium In Cast Iron Semi-infinitc Mould Considering Perfect Contact
between Casting and Mould, J, of IEB. vol. ME25-26, p. 44, {Dec. 1996-
June 1997).

(Ohtusaka, Y., Mizuno and Yamada, J., Application of Computer Simulation
System to Aluminium Permanent Castings, AFS Trans., vol. 89, p. 635,
{(1982).

Heine, W.R., Loper, C.R and Rosenthal, P.C., Principle of Metal Casting,
Tata McGraw-Hill Publishing Co. L'TD., New Delhi, TMH ed., p.180. (I976).
(rafur, M. A, Haque, M.N. and Ferdous, D., Computation of Solidification
Time of Aluminium in Semi-Infinite Sand Mould Considering Imperfect
Conlacl between Casting and Mould, accepted for publication in the J. of
Scienlific and Industrial Research, Dhaka, Bangladesh.

Gafur, M. A., and Hague, M.N. Computation Of Solidiftcation Time of
Copper in Semi-Infinite Cl Mould Considering Imperfect Contact between
Casting and Mould, accepted for publication in the J. of Scientific and
Indusirial Research, Dhaka, Bangladesh.

(rafur, M. A, and Haque, M.N., Computation Of Sclidification Time ot Zinc
in Semi-Infinite CT Mould Censidering Imperfeet Contact between Custing
and Mould, accepted for publication in the I. of Science and Technology,
BCSIR, Dhaka, Bangladesh.

Rao, 3.V K. and Pannchanathan, V., Cast Mctal Res. J,, vol. 19 (3), p. 135,
(1973},



S0,

91.

Din, T.U., The effeet of composition and Process variables on the
microstructure, soundness and mechanical properties of Zn-27A1 Alloy, Ph.
D., Thesis, School of Metallurgy an Materials, University of Birminghum,
p-39, (May 1991).

Ruddle, R.W., “The Solidification of Casting™, 2", Ed, Ins. of Metal, London,
1957,




Nuclegtton Originates
\ Rough na 55
of Mald

4

{a)

FIG. 2.1 INTERFACIAL CONDITION
DURING SOLIDIFICATION OF CASTING
: a) CONFORMING CONTACT, b) NON
CONFORMING CONTACT, )
INTERFACIAL GAP {10)

FIG. 22 MOVEMENT OF MOULD
WALLS, ILLUSTRATING THE PRICIPLE
OF INWARD MOVEMENT IN CONVEX
REGION AND OUTWARD MOVEMENT
IN CONCAVE REGION { 1)



Direct Problem Inverse Problem

HF(0,1) HF(L,t) HF(0,t) HF(L.t)
T(o,b) Yopy | TLD T{0,1) popy | T
Known B.C Knewn B.C. Unknown B.C, Known B.C.
L o L
_

FIG. 2.3 COMPARISON OF DIRECT AND INVERSE PROBLEM

Tm({unknown] ¥3{Known) Y4 {Known)
s ! . C al}
HF
> ==
Unknown X1 .
X3 "
CASTING MOULD /CHILL

FIG. 2.4 INYERSE HEAT CONDUCTION PROBLEM IN 1-D HEAT
FL.OW



// “ \
e ™~
/ ]
HF,
]_TFM
o

1 2 3 M-1 M j

| I | l |

2 4 4] n-2 n t

FIG. 2.5 APPROXIMATION OF HEAT FLUX BY DISCRETE VALUE
OF HF(77)



FIG. 3.1 FLOW CHART FOR TEMFERETAURE DISTRIBUTION IN CASTING AND MOULD

IMPLIT

OX/DR,
DT

'

[CALCULATE WO OF NODES IM CASTING AND MOWLD
|

!

ASSIGN ENTHALPY AND TEMP,
FOR ALL NGDES IN CASTING AND MOHILD

¥

CALCULATE NEW ENTHALPY
M FOR ALL NODES IN CASTING
AND MOLLD

.

CONVERT ENTHALPY TO
TEMPERATURE AND ASSIGN
TEMPERATURE FOR ALL NODES
I CASTING AMND MQULD

1S
T1<(T-200 C}

HO

YES



Solidification Time (sec)

10 =

HTC=1000 HE?EW HTC-4000

x
— T

Ld Sami-infinite mould thicknass

i)

2 1 1 1 1 | | 1 1 |

£1
3

o 0.02 (.04 .06 0.08 0.1 012 0.14 016 018
Mould Thicknessim)

FIG. 3.1a EFFECT OF MOULD THICKNESS ON SOLIDIFICATION TIME

0.2

0.22

SHOWING SEMI-INFINITE MOULD THICKNESS FOR Al CASITNG IN Cl MOULD



180
i HTC-1000 HTC:2000 HTC-4000
160 | Y = = =
4
140 G&
o |
~ |
g 120 “ul
PR
Sieo|
g Ch
'§ 50 \> —Ssmi-infinite mould thickness
g ]
T &0
SR
40 £ /
i L\E -4 )J/-u £l
IB"“:?C‘E_& '?:;‘" acd - '2\
2& b — ‘__,."C-'l = Py iz
fl ] ] ] ]
/] 0.01 0.02 0.03 6.64 0.05
Mould Thickness(m)

FIG. 3.1b EFFECT OF MOULD THICKNESS CON SOLIDIFICATION TIME
SHOWING SEMI-INFINITE MOULD THICKNESS FOR Al CASTING IN SAND MOULD



Solidification Time (sec)

HTC:1000 HTCR000 HTC:4000

[y
h

- Seml-Inflnlte mould thicnkess

o]
L]

—
in

L]

| | | | | | ! l |

o 0.4 oo2 Q03 004 QOS5 OQCA 007 008 Q09 o1
Mould Thickness{m)

FIG. 3.1¢ EFFECT OF MOULD THICKNESS CN SCLIDIFICATICN TIME

0.1

SHOWING SEMI-INFINITE MOULD THICKNESS for Cu CASTINGS IN Cl MOULD



120

I HTC-1000 HTC:2000 HTC-4000

-

e}

]
S

&

N ——  Semi-infinite mould thickness

Solidification Time (sec)
& 2

"\E_—__“_——fﬂ/ =

—_—

A

i
"

A —3
—— o
~ =

= om

O l l ! | I l [ l f
0 0.01 0.02 Q.03 .04 0.05 0.08 0.07 p.0a 0.09 2.1 AR
Meould Thickness{m)

FIG. 3.1d EFFECT OF MOULD THICKNESS ON SOLIDIFICATION TIME
SHOWING SEMI-INFIMITE MOULD THICKNESS FOR Zn CASTINGS IN Cl MOULD



B0 &a
€T-0,002 CT-0,008 CT4 1 CT4.002 CT-p aas CT-0.09
w ! CT-0014 CT.Q022 CTP 03 CT-0014 CT-QU22 CTH 03
50
)
o (73
LA &
o 4 4D
E &
£ E
E a0
=] g »
g L
T 20 . B -~
= - - -
G LA 5 AT
o - 8 o
.--"""'--H - —
10 4 e -
10 LT e o
e e PR
b ~ - —— -3
o - Syt : - dbe-
0 - e Y O L 5
i) (1.0004 0.0008 oopiz O nh = amm“ pry— o012
ITR{m~2 ¢ '
fm ke TR (M~ 2 CAW)
a
(2) (b)
50
CT-{,002 CT-5,006 CT-9.01 80
CT-Q 014 CT-g 022 CT-g 03 CT-9,002 CT-9,000 CT-4 01
=0 CTE:EIII-I} CTﬂPEE CT_:E_CIB
B0
o
3 —
& 40 £
fir} L0, a4
£ o
= £
c 30
]
o =
q g%
= 20 o = AT
(= T E 20 T
7 7] ..ﬂ""'fl ._,--"" - 2} ,_ﬂ-""-#l -
e — [¥5] - L m-
i e o A
ik - - - i e
o _ i - - -
A - . " ™ - N
| o T T ol e
[ -l el RS GVt A T S
_.:J_J-Ia_.—_g‘.__?;__l_d_g_._.------ = e :ﬁ ; I‘“:-____‘______,_._.-.---_r
e oo 20008 Topip || O AR == ! =
: : o 0.0004 0.0008 Dooiz
ITR (m ™2 G} ITR {m = 2 &M

()

(d)

FIG. 3.2 EFFECT OF HEAT TRANSFER COEFFICIENT ON SOLIDIFICATION

TIME FOR 25 C MOULD TEMP. (a) SH=0C, (b} SH=20G,
(c) SH=40 C, {d) SH=60 C for Al CASTING IN CI MOULD



IR (" 2 CAWY)
o

&0

(d)

FIG. 3.3 EFFECT OF HEAT TRANSFER COEFFICIENT ON SCLIDIFICATION
TIME FOR 50 C MOULD TEMP (a) SH=0C, (b} SH=20C,
(c) SH=40C, {d) SH=860 C FCR Al CASTING [N Cl MOULD

0
er- .
CT-4,002 CT-0,008 CT-0 01 mﬁ-ﬂm 79000 CT0.01
" T -0014 -
CTQ014 CTR022 CTP 00 5 {014 OT-Q022 CTR03
50
P o]
[# ]
3 2
e )+ A, 4d
:1:
£ g
= F
- L E 3o
s 5
b T
L o
= = et
D 2 | | B 2D P
Uﬂ] ‘_,_..-r-’"ﬂ‘ | :E‘ _f,fr""!
Pt S - LT
10 PP . 10 I e
O T em
[ — - T o - | P —— o
- - - - - _,.—% : _
et 2 e
g Bmfecordopopi . = oo et - 3 s
o 0.0004 5.0008 oooiz o0 £.0004 0.0008 f.0012
ITR i ~2 CAM ITA {m~ 2 GW)
a
{a) (b)
&0 a0
CTpou2 CT:9008 CT-H.01 070,002 CT.¢,006 CT-0.01
CT-4 014 CT-0022 TT-p 03 CT-g014 CT 022 CT-pO3
S0 a0 -
- i)
g ]
5, 40 LLoag
[4h]
E £
= -
=
E 30 s ‘
e
¥ - E s
5 & D20 -
=P - = L .
A t PP,
aﬂ"j _,."" -
-7 .
T T s
o SRR ee
el | -
a2 4004 © DDA n.oo12
4] 0 aond O Do0G a.0012 TR {m* 2 CAY)



&
CT.9.002 GT 0,008 CT:0.01
50
RZRFY
o
E
E
C An
2
d
L
T
20 - ‘NJ’
© P
4] P
e - . - -
iD » . -
ety SN
,s-:..’.'--rlf_d__g_d___,l S g
. 0,0004 20008 —~
ITR [m ™2 S/
{a)
an
CTp.002 CT-0006 CT-4.01
CT 014 CT4022 CT-D03
50
=
3]
L]
4
@
E
[
E a1
B
8
= ‘Pﬁ‘-‘
o P
= 20 B
] . -
m ..-r"'-‘ ~ - -
AT T
10 e -
- i - - - u - - "
k..-r;"';_..’:r.____*_.-—: ) , ;:-
P L A
p LTt ggrg . :
D o 0.0008 angiz
ITREmM ™~ 2 /W)

)

an
GT_—%PDE GTH-%DDOCT-EQ.N
CTEPHCTﬂ_OEECT_:E:ﬂE
50
o
a
940
@
E
=
c 5a
8
A2 .
= _._,..--"F'
2 20 &
T =
a -
® J“-JHIH""-_ S
- - " g
- el ﬁ:—”§_r e a- -
D;-_":’_..-a ﬁ-' Sdntalall — }
a 0 D00 0.0008 00012
ITR {in ™ 2 S}
(b
]
CT:E_!IIE CT:%_BCI! C-T—g ai
ET-_Q.PM CTi&EE GT_f_ﬂa
1]
Lo
1]
1
LA
1]
E
[
a0
o oy
§ e
‘E e
20 e
=] - e
] a s
.Jf’x #ﬂ“"-_l e
10 ”‘r”. e T
— - T T e
Ll T T Ty <ot
S O el
g el S = I
l £.0004 .0008 O o2
ITR (™2 Gl
(d)

FIG. 3.4 EFFECT OF HEAT TRANSFER COEFFICIENT ON SOLIDIFICATION

TIME FOR 75 C MOULD TEMP. {a) SH=0 C, (b} SH=20C,
fc) SH=40C, {d) SH=60 C FCR Al CASTING IN CI MOULD



[+ ]
[=3
'

2

oo
<«
'

Solidification Time (sec)
2

—
o
}

Solidification Time (sec)

CT-0 002 OT-0 0068 BT-0.
GT:E‘E. HCT_-E' Gi-gm C€T-0002 GT-4,008 CT0.01
4 -p022 CTpo3 CTQ.014 CTL022 CT-0.03
o
o
o
a
E
=
=
g%
g
T = s
##-J"‘ gy el
.a-""rrlﬂ-- - - C?J - - -
.,-r""--r. ,.-".-r .-r"‘f .,-"’
o e - .-
S - 10 L e L
e I 2 B AR b
Frotaiy PR - TP e
o 0.0004 0 0008 Q. p Eleraac—pmes E —
TR tm~2 A a € 0004 o 0008 00045
TR [~ 2
a
(2) (b)
80 80
| CT-R,002 €T D06 CT-0.H CT-Q,002 CT-0.008 CT-H 01
CT-0014 CT-Q 022 CT:p.03 CT:g014 CT- 022 CT-0 03
L4} Ba
o
@
1) 8, 4n
@
E
=
c
0 -ESD o
-1 T
.-"P- |'= ) _I__u‘d
;,x 5 20 ’#_x“ o
ed T - 5 L P
..-f"'f .-"’.--F @ ’___‘;-’ -*"FJ
.-" j -"'F'H-Hﬂ — =" 1 _,A"-‘- f_F....-" _.a—"'"_._d_‘_-.
10 - T - " —— =
_,..i." - - . _..-""’d..rr - -
s o e o - T
I - . T S SR
f'fr’ 4 *’,. R - ) i O = | H
g ot CH 53' = I = a 0.0004 D anoe a.naiz
a 0.0004 00008 a0z TR (2 Cpw
Imtm"zc.nw]
%) (d)

FIG. 3.5 EFFECT OF HEAT TRANSFER COEFFICIENT ON SOLIDIFICATION
TIME FOR 100 C MOULD TEMP. (a) SH=0C, (b) SH=20C,
(¢) SH=40 C, (d) SH=60 C FOR Al CASTING IN'C| MOULD



200 200
CT-p,002 CT-9,008 CT:5 &1 eT-0002 OT-0,008 G1-0.01
CT.Q 014 CT-Q022 CTP a3 i OT-0 014 CT-R.022 GT.03
150 4 -
i Y T -
£ g I
u R = R
IE P -k £ 1,.;--*"‘
1997 ok T g 100 |-
3 A 2T
= - i !'E —- a—".""'.-'_"_'—
; i b T
- - e
5o 1 oom = - [
50
IS gmmmnoT T eemem et
B T ki —— -
______ i s T
. I R I * R
G- O ;T: - T e - e
) S I TR N aia e
0 0.0004 0.0008 gooiz O A=t =
TR (m ~2 CW) o 0.0004 0.0003 00012
ITR {m ™2 W)
(2) (o)
200
£T-0,002 CT-0.008 CT-0.01 e -
CT_[EIEIM cf&mz c‘r&aa CT002 CThods CTGO1 |47
98 R - i CT-0.014 CT-g022 GTDTI
ek A
150 - - T
At 180 W -
.--'"‘ . - t
R 7
: : -
10a - 7 106 |- T
: PR £ e
[+ -
= I T é .-m N
o R = ”
& L E
s — 50 - e e
- B
e o - . -
....... G @ T T e B )
Zwdh e e S - B A - =
4] H———={3 t - —r—— nk= 11— = + 1=
o D OD0G 0 0008 a.0012 a s 0.0012
ITR (m* 2.CW) ITR {m™ 2LW)
(€) (d)

FIG. 3.5 EFFECT OF HEAT TRANSFER COEFFICIENT ON SOLIDIFICATION TIME

FOR 25 C MOULD TEMP.{a2)SH = 0C, {b)SH=20C, (¢} SH = 40G,
(d) SH=60 C FOR Al CASTING IN SAND MOULD



200

200
CT-0,002 CT-q 006 CT-g.01
GT-0,014 CT 022 CT 03
150 o
1:{‘ -
: 43
p B v
s :
g 100 e .
.-
T 50
[OR—
._q..------’- ------
B e T ch
O T e
g e : = D
o £.0004 0 0008 o B2
ITR (m ™2 G/W)
(@)
200 o
CT;E'_DGE GT-&DM CT'S:N
CT:0.014 CT.Q 22 CT.03 i
180 A .
A"“’H _
o g
: 8
g .ewTT B
ES e - ‘g
- ) =
. - :
¥ ) ]
&0
50 .
RIS S -t
.G___
B
ey -
S RV »
a =1 e —t = I— | = 0
° 0.0004 D 00 a2
ITR m""zc'lw:l
&

CT-.002 CT-0,008 CT4 D1

CT4014 CT022 CT 03

- -'k-.'-
_--'-"‘"-- -
— '-F‘---k
U L
o T
e R
——— L L
TR
__.*: G
..... PR O TP
e LT -
H—-t = , -
[sEra]ul:! O 0008
ITR {m ™2 CWY
(k)
— &
CT-@.002 CT-4,006 CTg:01 |
CTGD14CT-Gu2 CT p0a
e
kT
I L
B P
.-.-".'
e T
B -
T
i} o
F e e D
R S M N A
—E== = i = _
¢ 0,004 00
ITR (m ™2 C'W)

(d)

FIG. 3.7 EFFECT OF HEAT TRANSFER COFFICIENT ON SOLIDIFICATION TIME
FOR 50 G MOULD TEMP. (2) SH=0C, (b) SH = 20C, {¢) SH =40 C, (d) SH = 60C
FOR Al CASTINGS ON SAND MOULD

Q.02

00012



200 200
C—]-CI e CT-Q,,O:IB CT—Q o cT:Equ miam GTE a1
CT-?_G 4CTQoe c*rim | CT-0014 OT-022 CT-§.09
151 - 180 - _,_* -
~ e - a7
i — H A
8 - el
£ A L
AL e g 100 -
. | e
g —" - g - ~
l-aa-...l-—""_”' _— —~- b
-
5O = -
g e
gonemr e T oo
________ JUp R e G-
S oo R T Boe o e 0O
B o - oo s dr oo D S
o 3 ] == I £ iy — 53— E L
o 20004 . bacs GAam2 0 {3 04 0.00ae oz
ITR {m ™2 08 ILR (m ™2 CW0
(@)
(o)
200
CT:0,002 GT-9,008 CT;.01 — - 200 —
CT.014 CT.Q022 CTROS | - - D‘;iﬂﬁm’ CT.g D1
& -7 mgpzzc‘l‘f_m
150 + & -
kT ’
N e 150 |-
¢ 0
§ - ] —
= e Rl —
§1m L P [ T
m m- ] .E 100 e
A ;
&
50 ) R "
P 50 (- - Aot
- e o e- - B -6
S, S n @ e BT
o 2 - rar - - - oy -
p L= o -——= ool de o S
- ' Bt | | 2 =
o
b o.mﬁ_ﬂ 2 Q%ma 00012 o - 5 oDoe 2.0012
ITR {m"™ 2 G

© (@
FIG. 3.8 EFFECT OF HEAT TRANSFER COEFFICIENT OMN SOLIDIFICATION TIME
FOR 75 CMOULD TEMP. (8) SH=0C, (b)SH =20C, (¢} SH=40C, (d)SH =60C
FOR Al CASTING IN SAND MOULD



Solidification Time (3ec)

(<)

200 -
CTso1s OT g0z o103 CT-0,002 CT-§,008 CT:R.01
CT-0014 CT Q022 CT P03 CT-014 CT-0022 £T-0.03
e
1 150 e
"J‘H----- -~ - T
T i Ak
A .
a--& E
190 1 _..- |
2 -
I a3 .
T ~ 5 ._._H___.. .
- - 3 B .
[
R L M o Y
----- -_*_ o R o o
—_———— = . o _ 'C'"' _ - ) -"8---
R A o - . |
P . SUR PR I _ “
g = — - 3 e A .
D D.0004 0.0008 appz 0 =— = Hu 3 __n — o =
ITR (m* 2 CW 1 . _
{a;’“ Gr} ITR (m ~2 C'W)
{b}
200 — N -
£T-p,a02 G-, oot L —
D02 £T.5,008 CT.0.01 | £T:0,902 CT:3,006 CT.g 01
CT-0.014 CT-R020 €T 03 .-ATCT.0014 CT.La0 CT 0
a -
IEE‘_ - 180 |
o b g
5 g >
3l P & .
g e Gl x
k: ; N ,5
3 .
3 3
’ ’ R T
50+ N - s a0 L [
PR . G ..
P L D ’
e 8 e RPN, S
ol e o \ & |
o 00004 0.0008 00012 0 u,om;m e 0.0008 0.0012
ITR (m ™ 2 /W) Az

(d)

FIG. 3.9 EFFECT OF HEAT TRANSFER COEFFICIENT ON SQLIDIFICATION TIME

100 CMOULD TEMP. (2 SH=0C, (p)SH=20C, (c)SH=40C (d) SH=60C
FOR Al CASTINGS IN SAND MOULD



Solidification Time (sec)

Solidification Time (sec)

&
&

5 5
CT4,002 CT-,006 CT-0.01 CT0.014 CT4,002 CT:4,006 CT.0.01 CT-0.014
CT-| 018 CT-g 022 CT .08 CT4 018 CT-gc2z £T 06
40— 40
§7)
2
- o
E
[
=
8
7]
L5
2o (- = oo
z -
[~ .
w0 - )
10 AT R
NG e T
e g —
2 P S = S
o 0.0004 0 0008 .00 2 g 0.0004 0.0008 o o01e
ITR[mM* 2 G ITR (m~2CMh
(a) {b)
% 50
CT.gom CT-0,008 CT:0 01 €T D14 CT4002 CT-,008 GT3.01 CT014

¥

N\

(=]
(=]
I
"
.
M,
]

LY
L Y \
Y
\ .
[
b
Solidihcation Time (sec)

[
=)

10

u] allaa e} v o) L.ool2
[T {m ™2 /)

FIG. 3.10 EFFECT OF HEAT TRANSFER COEFFICINT ON SOLIDIFICATION TIME

FOR 25 C MOULD TEMP. (g) SH=0 C, (b) SH=20C, {c} SH=40 C, (d) SH=60 C
FOR Cu CASTINGS C! MOULD



7,002 CT-0,006 CT0.01 CT-0.014
C-T:itﬂa CT&_DE? CT_i_na
m -
T}
LT]
A
g a0
=
=
[a]
i
e oo
=
=
47 ]
10
i}
a0
£7.0,002 CT-0 008 CT-g D1 CT-00%4
CT-4 018 CT-4 022 CTJ 18
- A
r——
L]
@
.
Lo
E
c
§
e ) L
= - ;
o . -
FE i i .
.--‘ . - ="
N ‘__’ i
B T O
- ';-.} iy - - I ———
p L — s ]
+] G D 0 QDas
ITR (=2 CAW)

(@)

DO02

a0

a
(=1

Solidificatian Time (sec}
u

10

CT:&PDE CT&DOH GT{E o 'E-'-Tﬂlhl‘
CT:EG!E CTii_JEE CT_R_D.'!

50
CT.0,002 CT-0,008 CT-0.01 CT4014
0T.Q 018 CT-0.022 CT-03 Py
4_0 —
‘a
J4E}
R
Juk}
Eaf . .
r_— / L
S - o
.ﬁ 20 » S o
2 / - - ;
2 - T
S -
16 |- ©
-o’-' & !
T
T ———
a - - |
1] 0 DI04 @ D008 G ooz
ITRtm~ 2 GG

(d)

FIG. 3.11 EFFECT OF HEAT TRANSFER COEFFICIENT ON SOLIDIFICATION TIME
50 C MOULD TEMP. (a) SH=0 C, (b) SH=20C, {c) SH=40 C, {d) SH=60C

FCOR Cu CASTINGS IN C| MCULD



Solidification Time (szc)

5o

B

[
(=

10

.
CT-.002 CT-0,008 CT-0.01 CT-0.014 CT-p 002 CT-9 008 CT-0.01 CT-0.014
- L) -L-
CTQU18CT-q o2 CT 800 CT4018 CTg 022 CT.0.03

4
o
1]
L
E an
=
=
]
F—|
g .
=
7]
3

10 el

A m
PR
" EJ
o -0 i -
1 T e
o . PRI = ;
o 00004 0 0008 00012 0 00004 0.0008 ooz
ITH [m ™20 ITR [m ™2 CAv)
(2) ()
53 -4}
CT?__;_EIDE CT-EFDB GT-{?.CH CT:E.?M GT;%_mz GT—ETI:'.\M E-T:g.l:l‘l CT-Q.014
GTﬂ_ﬂ‘IB CT:E_I:IEE G"IL—E.I:IS BT:IH}IB GT:E_EIEE G'[—g_.l:lﬂ-

b

Solidification Time {sec)

o
a
T
[0
(=]

[
(=)

Solidification Time (sec)

10

0 0,00 0o 0 D2
ITR {m*2 £0h)

{c)
FIG. 3.12 EFFECT OF HEAT TRANSFER COEFFICIENT ON SOLIDIFICATION TIME
FOR 75 C MOULD TEMP. {a) SH=0 C, {b) SH=20 C, {c) SH=40C, {d) SH=60C
FOR Cu CASTINGS IN Cl MOULD




-]

' OT-0,002 CT-0,008 CT 01 GT-0 014
4 o Q e
CT-Q 118 CT3.022 CT,.08
40 +
7}
[-F]
S
o B0 4
=
=
[
2
2
2,1
=
0
%
i
.-IA-
.". )
e
ol
gl g e
o 0.0004 O D00 R d.0012
ITH i~ 2 C/W)
3 @
CT-Q.002 CT-0,006 GT-0 01 CT-0014
CT-g 018 CT-g022 CT9 03
40 |- /
iy
4]
M,
g%
£
=
2
5]
E 20
=
I
]
10
oL

FIG. 3.13 EFFECT OF HEAT TRANSFER COEFFICIENT ON SOLIDIFICATION TIME

Solidification Time {sec)

Ly
o

2t
[=]

10

Solidification Time (sec)

CT-0.002 CT-,006 CT0.01 CT-0.014
CTR18 CT 2 CTg s

&

8

ha
o

GT:&EJ E.‘-T:E'._UDB CT-Q.01 CT:Q_.014
C-T:li._l:l‘lﬂ- cT-goxz C'I:-g._ﬁﬂ

T DOk T D08
ITR fm ™2 W)
(d)

100 C MOULD TEMP. (a) SH = 0 C, (b) SH = 20 C, {c) SH= 40C, (d) SH=60C

Cu CASTINGS IN CI MOULD

00042




Sclidification Time (sec)

Solidification Time {sec)

100

100

GTiIQDE 10008 CT-0.01 CT-0 014
: By A
CT-Q018 CT-§022 CT.0.00
m ES
"
L
0
.
@
E
=
c
2
g
=
B
f=
o)
o S }
o D 0004 0.60J8 0.0012
ITH (™25
(@
0]
CT-p,002 CT-Q 006 CT-0.01 CT-0 D14
CT-go18 CT-Qo22 CT.D0I
8a
g
&2
o0 £
=
c
g
e=]
“ £
32
B
52
20
.-"’ - .,--".-F - - -
T e o NIV SR
ET T e - ;\‘r_______,___,--
ST g
0 L —m- . =t = .
o £.0004 0.0008 afaiz
ITR {m ™2 CAn}

(©

CT4.002 CT9,000 CT:H01 CT-DU14
CT4018 CT-4022 CT 03
Bl
&
40
20
D T
b 0.0004 0,008 D ooz
ITR (m ™2 GAMV)
(b
100
CT.002 CT:0,808 CT:0.01 CT-0.014
i CT{ 018 CT-g 022 CT0.03
. 1)
&
£0
o0
U _I |
a D 0o04 0.0008 0.0042
TR {m" 2 C/W)
(d)

FIG. 3.14 EFFECT OF HEAT TRANSFER COEFFICIENT ON SOLIDIFICATION
TIME FOR 25 C MOULD TEMP., (a) SH=0 G, (b} SH=20C,
{c) SH=40 C, {d) SH=60 C FOR Zn CASTINGS IN Cl MOULD



100 -
CT:EEIEIE CT_-gi_CICIB GI}H'N C-T;D_EI_J14
GT—_%W 1] GT&_DEE DI-&M
a0 T
"a“ e
g 8
L -
@
E E
~ =
c

5 5
ﬁ =
3] ]
= =
= =
) g
(3] w0

L ' T

- &

a E— - — = .
L 0.0004 00008 aogmz
ITR {m ™2 CAN
(&)
100

CT—_EI_ODE CT-g008 CT-S.N G'T-_g:g14

CTﬂEIIB CT:i_BG!E C'I:—R:DG

Solidification Time {=ec)

] 00004 D.000s nopi2
TR {m ™2 G

()

Solidificetion Time {(sec)

80
-1}
4
20
o =
o F a0 £.0008 00012
ITR (™ 2 SR
(D)
80
CT-,002 GT-G.000 CT-0.01 CT-4.014
CT-Q918 GT-g 022 CT .00 !

2

B

[ ]
[= )

CT-L.0T2 CT-0,008 CT-.01 CT-0.014
CT-4018 £T-4.022 CTH.03

o

cemendarr

- S

o

b ]
0,000 O oo
TR (M~ 2 CM0
(d)

FIG. 3.15 EFFECT OF HEAT TRANSFER COEFFICIENT ON SOLIDIFICATION
TIME FOR 50 C MCQULD TEMP. {2) SH=0C, {b) SH=20C,
{€) SH=40C, ({d}) SH=60 C FOR Zn CASTINGS IN Cl MOULD

F 1



Solidificaion Time (sec)

Sclidification Time (sec)

100 100
CT4.,002 £T-0,006 CT:5,01 CT-0,014 CT4,P2 CT-9.000 CT0.01 CT-q014
CT018 £T-4022 CT .08 CT4018 CT-4.022 CTH.03
8a 4 0
.
X
or
£
&0 - 2 o
=
=
2
40 | g
g w
=
=]
@
1 20
o ; ; oLl
0 noml-:_ﬂ 2o L 608 bomz Y, 0 0004 o 0008 o o012
(m ) TRIM™ 2 CA
a
100 100
CT-4,002 CT-g D06 CTG01 CT 014 CT-0,002 CT-0,008 CT-0.01 CT-.014
CT-4018 CT-022 CT.9.08 CT-Q018 &T-3022 CT:0.09
50
-
&
8
g
& E
=
=)
S
3
“ =
=
o
@
20

- o IRl
e A
0.CO04 0.0a08 0Dz
TR ™ 2 &)

(d)

FIG. 3.16 EFFECT OF HEAT TRANSFER CCOEFFICIENT ON SOLIDIFICATION
TIME FOR 75 C MOULD TEMP. {a) SH=0C, {b) SH=20C,
(¢) SH=40 C, (d) SH=60 C FOR Zn CASTINGS IN Cl MOULD




Solidificalion Time (sec)

Solidification Time {sec)

100

]

B

B

B

100

GT%_L‘.IUE CT_-%_CICIB C'TIE.'D“ GTﬂ.EH 4
GTiEH 8 o102z G'I:-g_.DS

00004
ITR{m ™2 CA

(@)

0oz

GT;I:I‘J_ODE CT:%_DDB CT-E.M C:Tﬁpﬂ

CTﬂEJ1 8 GTi'DEE C-'I:_-&OG

00004

0.J0H
ITR{m ™2 £/

(<)

a2

Solidgification Time (sec)

Solidification Time (sec)

100

100

GT:E‘EIOE CT:E.IOICE CT_-E a C‘-T_—Dk_DTI

CT:EEHB CT:EEIEE GT_—E_EI:!

Q.04

80

[4.]
=]

3

=]
[a]

GT;E,_WE GT_-&I:IDG GT—S.‘DI CT-_EEIH |
CT-g018 CT-Q.002 CT-0.03
4018 CTQ072 CT Qs ;

G, 0004 0. 0008 Doz
ITR {m ™2 G
(d)

FIG. 3.17 EFFECT OF HEAT TRANSFER COEFFICIENT ON SOLIDIFICATION TIME

FOR 100 C MOULD TEMP, (a) SH=0C, {b) SH=20C,

(c) 8H=40 C, (d) SH=60 C FOR Zn CASTINGS IN Cl MOULD



T e e e

FIG. 3.18 PHOTOGRAPH OF PLATE SHAPED ALUMINIUM CASTING IN
SEMI-INFINITE SAND MOULD



FIG. 3.13 TRANSIENT HF AND HTC FOR 0.022m
CASTING IN SEMI-INFINITE SAND MOULD
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FIG. 4.1 DIFFERENT MODULES OF
THE DATA ACQUISITION SYSTEM
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FIG. 4.2 ONE BAR CASTING WITH ONE CHILL AT THE END
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F1G. 4.4 SET UP FOR 3-BAR SHAPED CASTING SHOWING MOULD
ASSEMBLY, THERMOCOUPLES, DATA LOGGER AND COMPUTER
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FIG. 4.6 LOCATION OF THE THERMOCODUPLES
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I'IG. 4.7 SET 1P FOR PLATE SHAPED CASTING SHOWING MOULD
ASSEMDLY, THERMOCOQUPLES, DATA LOGGER AND COMPUTER



-
- '
=
hd

36

|

\i\x\\\\\\\\\\\\\\\\\\\\\\\i; i
\\\\\\\\\\\\\\\\\\\\\

\3\\\\\\\\\\\\\\\\\\\\\\\\\
\\\\\\\\\\w\\m\\\: |

Z\nl7
1 \\x\\\h \\\\\\\ &\X\ “ Lh

O
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FIG. 4.9 SET UP FOR CYLINDRICAL SHAPED CASTING SHOWING MOGULD
ASSEMBLY, THERMOCOUPLES, DATA LOGGER AND COMPUTER
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FlG. 5.1 A PORTION OF TIME TEMPERATURE DATA

FROM A TYPICAL EXPERIMENT
Time (sec) T T2 T3 T4
120 3.9 31.4 0.7 311
121 338 38 klogn 31
122 382 32.8 3.7 3
123 K= 332 307 3t1
124 40 339 307 311
125 431 Mo 30.7 31
126 45.1 359 308 31
127 47 7 368 08 A
123 50.2 w7y 308 31.2
129 53.3 33.5 1R 31.2
130 57 8 403 308 31.2
131 G1.4 42 3 31.2
132 65.4 43.6 311 33
133 1218 535 378 31.3
1 £74 4 8311 453 3.3
135 6321 G20.8 53.5 s
136 6623 §55.8 582 322
137 877 3 GBIS 651 33.8
138 586.4 £61.5 33 36.1
139 8827 6539 821 389
140 B85 5 g50 a1 421
144 683 2 651.1 g99.9 458
142 &80 51 108 5 48 4
143 B752 8316 116 8 53d
144 673.7 B&0 & 124.3 57 .49
145 668.2 548.3 1317 622
145 867 8 648 4 134 £6.6
147 6654 647.4 146 71.1
148 £54.5 B45.5 152.8 BT
148 G584 4 6456 1693 802
150 6635 G644.7 165.5 84.7
151 B53.4 643.8 1712 ag1
182 6525 643.1 178.6 3.5
1583 B62.2 G42.3 1817 97 4§
154 B61 5 G416 186 6 102 4
155 61 640 3 191 3 106 9
156 661 G401 195.7 1113

157 g0 7 38,3 2001 115.8
158 G660 4 8336 2043 120.3
159 560.3 537.9 208.4 124.7
160 g&0.1 637.2 2124 1281
161 8601 g36 7 2164 1338
162 660 626 1 2202 138
163 5599 0356 224.1 142.4
164 £59.8 535.2 227.8 146.8
185 629.8 634.7 235 151.2
166 6208 634 3 2261 155.5
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FIG. 5.2 INVERSE HEAT CONDUCTION PROBLEM IN 1-D HEAT FLOW



FIG. 5.3 THE FLOW CHART FOR THE DETERMINATION OF HF
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FIG. 6.1.1 TEMP-TIME PROFILES OF BAR SHAPED
CASTING FOR 24mm CHILL (PT-780 C)
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FiG. 6.1. 2a EFFECT OF SUPERHEAT ON TEMP-TIME
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FIG. 6.1.2b EFFECT OF CHILL THICKNESS ON TEMP-
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FIG. 6.1.2¢ EFFECT OF CHILL THICKNESS ON TEMP-
TIME PROFILES AT C, T3-t, FOR POURING TEMP-730 C
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FI5. 6.1.3a EFFECT OF SUPERHEAT ON TEMP-TIME
PROFILES AT D,T4-t, FOR 24mm CHILL
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FIG. 6.1.3b EFFECT QF CGHILL THICKNESS ON TEMP-
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FIG. 6.1.4 EFFECT OF SUPERHEAT ON TEMP-TIME
PROFILES AT B, T2-t, FOR 24mm CHILL
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FIG. 6.1.6a EFFECT OF SUPERHEAT ON HF-TIME
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FIG. 6.1,6b TEMP/HF-TIME PROFILE SHOWING LIQUID

METAL INTERFACE AT HFmax {PT-3950 C)
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FIG, §.1.6c TEMP/HF-TIME PROFILE SHOWING
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FiG. §.1.7a EFFECT QF CHILL THICKNESS OMN HE-TIME

CURVYES FOR PT-500 C
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FiG. 6.1.9 MEASURED AND MODELED TEMPERATURE
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F1G. 6.1.9 MEASURED AND MODELED TEMPERATURE
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FIG. 6.1.9 MEASURED AND MODELED TEMPERATURE
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FiG. 6.1.9 MEASURED AND MODELED TEMPERATURE
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FIG. 6.1.9 MEASURED AND MODELED TEMPERATURE
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FiG. 6.1.9 MEASURED AND MODELED TEMPERATURE
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HTEC (Wim'C)

FIG. 6.1.10a EFFECT GF SUPERHEAT ON HTG-TIME

CURVES FOR 47mm CHILL
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FIG. 6.2.1 TEMP-TIME PROFILES FOR 63mm PLATE CASTING

{PT-750 C)
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FI5. 6. 2.2a EFFECT OF SUPERHEAT QN HEATING CURVES
OF MQULD AT C, T3, FOR 68Bmm PLATE CASTING
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FIG. 6.2.2b EFFECT OF SUPERHEATON HEATING CURVES OF
MOULD AT C, T3, FOR 52mm PLATE CASTING
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FI5. 6.2.3a EFFECT OF CASTING THICKNESS ON HEATING
CURVES OF MOULD AT €, T3-t, FOR POUR ING TEMP 800 C
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FIG. 8.2.2b EFFECT OF CASTING THICKNESS ON HEATING
CURVES OF MOULD AT C, T3-t, FOR POURING TEMP-350 C
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FiG. §, 2.4a EFFECT OF SUPERHEAT QN HEATING CURVES OF
MOULD AT D, T4, FOR 68mm PLATE CASTING
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FIG. 6. 2.4b EFFECT OF SUPERHEAT ON HEATING CURVES OF
MOULD AT D, T4-t, FOR 52mm PLATE CASTING
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FIG. 6.2.5a EFFECT OF CASTING THICKNESS ON HEATING
CURVES OF MOULD AT D, T4-t, FOR POURING TEMP-800 C
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|— FiG. 6.2.6 EFECT OF CASTING THICKNESS ON COOLING
CURVES OF CASTING AT CENTRE, T1-t, FOR POURING
TEMPERATURE B850 C
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FIG.6.2.¥ EFFECT OF POURING TEMPERATURE ON COOLING
CURVES OF CASTING AT B, T2-t, FOR 6Bmm CASTING
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FIG. 3.2.8a EFFECT OF SUPERHEAT ON HF-TIME CURVES FOR

88mm CASTINGS
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FIG. 6.2.82c SHOWING LIQUID SURFACE AT HFmax (PT-910C, CT-
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FIG. 6.2.0d SHOWING SOLIDIFICATION STARTS AT HFmax

(PT-925 G, CT-52mm)
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FIG, 6.2.10 EFFECT OF CASTING THICKNESS ON HF-TIME
CURVES (PT- 850 C)
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Fl. 6.2.11 EFFECT OF SUFPERHEAT ON HFmax
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FIG 8.3.2a EFFECT OF SUPERHEAT ON TEMP-T|ME
PROFILES OF MOULD AT C, T3-t, FOR 82 C INITIAL

MOULD TEMP
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FIG. 8.3.3a EFFECT OF SUPERHEAT ON TEMP-TIME
PROFILES OF MQULD AT D, Ta-t, FOR 82 C INITIALMOULD
TEMP

A0

o - PT-T63 C

m—pT- GO0 C

200 F

100

H k A
0 20 40 G0 a0 100
Tima (sec)

Tomp { &)

FIG. 6.3.3b EFFEECT OF SUPERHEAT ON TEMP-TIME
PROFFILES OF MOULD AT D, T4+, FOR 107 C INITIAL
MOULD TEMP

400

00 1

PT-850 C
—ET-000 S
— PT-730C

200

100 g

n GE 100 150 200

Time [3ec)




a00
G0
7aa

FIG. 6.3.4a EFFECT OF SUPERHEAT ON TEMP-TIME
PROFILES QOF CASTING AT A, T1-t, FOR 82 C INITIAL
MOULD TEMP
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FIG. 6.3.4b EFFECT OF SUPERHEAT ON TEMP-TIME
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FlG. 6.3.6a EFFECT OF SUPERHEAT ON HF-TIME
CURVES FOR 82 C INITIAL MOULD TEMP
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FIG. 6.3.6bh EFFECT OF SUPERHEAT ON HF-TIME
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FI5. 6.3.9 TIME OF HFmax AND SLOPE CHANGE IN Tm

(MT-107 €, PT-850 C)
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FIG. 6.3.12a EFFECT OF SUPERHEAT ON HTG-TIME
CURVES AT 82 C INITIAL. MOULD TEMP
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APPENDIX -A

Transicnt Heat Conduction Equation {Rectangular System);
O cﬂc*ﬁT* " AH
ext a1 \#x) | P o

Nodal Representation of Casting and Mould :

| T T 1T ] [ T T
I-» |1 2 3 4 nr-1||nr+1 nri
(1} (2)  (3y(4) (5 (6)
| CASTING I moun” ]

Here, I represents the node number.

Naodal Specilication:

Nodes are taken as full node in the casting and mould region and half node at the

inlerface (both in casting and mould) and at the external surface.

(1} Centre Node {in casting , T= 1)

{2) Middle nodes (in casting, [=2 _ nr-1)
(3} Interfacial node (in casting, I = nr)

(4} Interfacial node (in mould, I = nr)

{2) Middle nodes (in mould. I =nr+] .. nrm-1)
(6} Surface node }(in mould, T = nrm)



Finite Difference Approximation:

The replacement of time and space derivatives by finite difference involves
expressing the derivatives in terms of a truncated Taylor series. In one

dimensional space, the space derivatives of the equation can be represented

by the central difference form as below

FT T, -2T +1
ot Ax?
_al_ 'TI+| _Tl—'l

fx  2Ax

5_H_ HI,J+| _Hl,j
o At

Explicit Finite Difference Equations:

Replacing the derivatives of the trunsient heat conduction equation, the following FDA
equalions arc ohtained :

In the casting,

—F DT e L=
( 22T+ T J ( ,_IT Hi" - gl
| 4 = - .where Z = DT/p

T, -T_ Y
HiM = H’+Z*[D§1(m 2T, + T, ) + \’[%}['—")]mrlﬂ..m-l (2)
Thus,
[ 2K

HH =H!'+ 2% Dxl (T|+I _Tl)} for[=1 {1)

, | TR _(FRY?
JTELE TR " —K—(TH -T,)- DX Y[?) ] for [=nr (3)

Dx?



In the mould,

_ K FR FRY?
[ = 4 Z* ~T ) +— (—‘J _
+ [sz (T, -T)+ SRRl for [ = nr (4)
i+ K Th- - TI— ‘
"' =H+7Z *]:sz (T[+| - ET,' + T[_l) + ‘I{TX—I) ]fﬂfl = nrm+] ,nrm-1 (3)
K FRE FREY*
H* =11+ Z T_-TJ)- \’( ) =
{sz [ - T.) ox * X for 1 =nm (&)

Here, FR = heat {lux from ecasting to mould
FRE = heat flux from mould to environment

Transient Heat Conduction Equation {Cylindrical System):

ST 18Ty 8K (1) FH
+— + " — =p—
xi or dr AT | &Fx St

Explicit Finite Difference Equations:

In the casting,

For [=]
. 4K
H™ = H 4 z*[DRE {T., —T[]} (1
For 1=2..o1-1 .
_ K [(21-3 211 T, =T %
R RN NS R
II + [DRE{ 2]_2 -1 2"I‘I + 21_2 T|+1 +Y EDR { }
For I=nr

FR K FR K Yi_FR 1
H+E_ 1 | _ =1 = - * =T
AT =H +Z[ bR * oz (T =T (i—-)*DR  (i—1)DR? (T..—1)+ K]J

3)




in mould,

For |=nr
FR K FR K FRY®
" =H'+Z%| —+—{T . - - T - Y(—]
¥ [DR+DR2(’” Lr oyoR oppre =T Mg ]
{4}

For 1=nr=1., orm-1
. K [(21-3 211 T, =T\
H" =H' +Z# : [—) —2T. ( ]T. [_u)
Ho+ {DR'{ TEEY AL Craey AN R o )

For I=nmm

FRE K FRE K [FRE]I
M1 _ Al — =T 11— *I1'' _T e
H ‘H”‘[ R * D= 1) (i—1)*DR * (i- )DR? (5. -T)+y 2DR }

(6)
Here, FR = heat flux from casting to mould
FRE = heai flux from mould to environment




APPENDIX -B

THERMOFPIIYSICAL PROPERTIES OF CASTING AND MOULD

MATERIAL
Aluminium

Thermal conduciivity (W/m C)
K=189.0+0.142T

K. =210.56+1.75(663.0-T)

K =400

Specific Heat (I/Kg C)
C=1130
C=857+0.0387*T

Latent heat (J/Kg)
L=4.02x1(°

Density (Kg/m®)
p=2700

Zinc

Thermal conductivity {(Wim C)
K=115.115-0.047T
K=67.63-0.0115T

Specific heat {T/Kg )
(C=37680 +02093T
=494.026 +0.042 1

Latent heal (VK g)
L =1.13x10°

Density (Kg/m®)
p=7183.9%9 09T
=7022.94 -096T

T < 663.0
663.0 = 1<690.0
T z 690.0

T=660
T<660

<419
T=419

T=419
T=419

T<419
T=419



Copper

Thermal conduetivity (W/m C)
K =418

Specific heat (I/Kg C)
C=393.55+.084T
= 460) 54

Latent heat {J/Kg)
L=2.05x10°

Density (Kg/m’)
p =9086.667 -0.6671
= 8660.0 -0.7T

Sand

Thernmal conductivity {W/m C)

K = 1.865-2.33E-3T+2.060-71*

K =127-2147B-31+] 83E-6T*+1.26F-0T"
K= 122-1 96E-3T+1.68F-6T + 1.51 E-9T°
K= 1.01-1.01E-3T+2.85E-7T%+1.15E-91°

K= 0.86-1.01E-4T-1.15E-61"+2.18F-9T°

Specific heat (J/Kg C)
C=1085.19-0.09T
C=10383010.15T
C= 996.43+H0.253T
C= 820.59+0.678T
C= 703.36+1.20T

Density (Kg/im®)
p=1515.0

Emissivity
e=0.7

AFS grain fincness
No- 60

T<1084
T=1084

T<1084
T=1084

T=7860
760>"1=538
538=T=371
371=T=204
204=T

=760
760=>T=>538
338=T=371
371>T>204
204>T



(Grey Cast Iron

Thermal conductivity (W/m C)
K =43.5-8.5E-3T

K =5443-0.055

K= 39.25-0.0098T

Density (Kg/m™
p=7885.5-0.26T

Emissivity
=038

Specific heat (J/Kg C)
C=542.97+0.133T

Chemical Composition

C -3.0%
Si -1.5%
Mn - 0.2%
S -0.05%
P -{0.05%

Heat transfer coeflicient_at external surfacc {W/m’C)

Convective heal transfer cocfficient

h,=1.42 (AT/LY" %
he = 1.31 (AT} ¥

Radiative heat transfer coelTicient
By = w0 (Tw+273)(Ta+273)" AT

Where, L = characteristic lengih |

AT =Tw-Ta
Gr = Grashof number
Pr = Prandlt number

T <235
235 <T<335
Tz 335

T<783.0

T=661.7

GrPr -10%-1¢°
GrPr- 10°-101
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