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I
ABSTRAC'l'

-<~,..•..In numerical simulation of casting solidification, the thermal

behavior of the casting/mold interface can be represented by the
interfacial heat transfer coef~icient h. A survey of the litera-

ture shows that a number of investigators tried different methods

to determine the value of h experimentally. Experimental deter-

mination of h is difficult because it requires the solution of

the Inverse Heat Conduction Problem. Many factors affect the
value of h but the quantitative and empirical models available

tor determining the value of h tak~ into account only a few of

the variables like metal10static pressure, presence of insulating

mold coats etc. at the interface. A comprehensive model to
determine h would be valuable for numerical simulation of cast-
ing solidification.

In this work, the variation of h with time at the casting/mold

interface in one dimensional heat flow is discussed. The total

duration of the variation of h with time at the casting/mold

interface is divided into 3 stages- stage I, with a high fluctu-

ating value of h, stage II with a steady value and stage III with

either an increasing value of h due to increase in contact pres-

sure or decrease in h due to increase in the air gap between the

casting and the mold. When the metallostatic head acting at the

casting surface is constant, stage III may be absent. 'In some

cases, stage II may not be observed at all (i.e the duration of
stage II is negligible) .

. '. '.' .-- - ,o;v__ ;,,~,'''' __ ,-i._"'"''' .,~~.'. ,""
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In this work, a model for predicting the v~lue of the interfacial

heat transfer coefficient between the liquid metal and its mold

in steady state one dimensional heat flow is developed and is
~scd for determining the mean value of h in stage I and the value

of h in stage II. The analysis is carried out for two types of

~old profiles: 1. a mold profile consisting of a combination of

un~fontl V grooves, and 2. a mold profile generated by the method

of fractals. Analysis of the interface generated by the method of

fractals is carried out on a computer us~ng numerical techniques.

The casting surface profile Which. is formed when the liquid metal

comes into contact with the mold surface consisting of parallel,

uniform V grooves is modeled from a consideration of the surface

half~mouth width of the groove a and the semi-apex angle p of the

tension of the liquid metal Q, metallostatic pressure P,

ing contact angle a and the groove parameters , namely

advanc-

groove. The presence of oxide and other films on the casting and

mold surfaces is included in the model in the form of an addi-

tional air gap of width Yf between the casting and the mold,

The case of real mold surfaces is modeled by assuming that the

~old surface consists of a random combination of uniform grooves.

The overall thermal resistance of a random combination of grooves

is obtained as a series/parallel combination of the thermal

resistances of the constituent grooves.

The analysis of heat flow across a mold surface generated by the

method of fractals and its corresponding liquid metal profile is

(ii )

..
" ..""



alloy against a smoothuncoated cast iron chill is studied.

These experiments were carried out for two cases (i) with II
constant metallostatic head and (ii) with a receding casting

Using the time-temperature data

The size of the air gap formed between the casting
•

interface.

interface is also measured.

linear estimation procedure and are compared with the values of

and mold in the case of an experiment with a receding casting

from casting and chill, the values of h are calculated by non-

ificationof three aluminium alloys - LM 6, LM 24 and Al-2.7t Li
To validate the results from the model, the unidirectional solid-

,

\ carried out using the Slimeprinciples developed for V- grooves.
II' The calculations however, are oarried out by numeJ:"ical methods.

h obtained from measurements of the air gap at the interface for
a receding casting interface experiment. A satisfactory agree-
ment is found between the two values.

The accuracy of the experimental values of h is verified by
calculating the temperature distribution in the casting and chill
using representative values of h obtained from the experimental
results. The model is validated for the case of the constant
metallostatic head by comparing the experimentally measured
temperatures with those obtained by calculations using the values
of h obtained from the model. A,sensitivity analysis is carried
out to study the effect of changes in h on the changes in the
calculated temperature values for both LM 6 and LM 24 alloys.

(iii)

-_ .. /~
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(i v)

3. For a mold surface containing parallel, uniform V grooves,

at the

air

the half

conductivity k of,

the:results of the calculations using the model to determine

metallostatic pressure P, thermal

IIt.lge I (hI) and the value of h in stage II (hIr)

•2. The model shows that the heat flow across the casting/mold

,
thO valJ~ of h in steady state unidirectional heat flow, 'the

\ l' b dtollowin91 cone uSJ.ons can e rawn.
I

mold/metal interface is developed for the case of steady state

one dimensional heat flow. An analytical method for evaluating h

tor geometrically regular grooves, grooves in parallel, grooves

in series and random combination of grooves is also presented •

interface depends on the topography of the mold surface and at

topography for heat flow predictions. In the model developed in

least two parameters are necessary for representing the surface

1. A sa~isfactory model for obtaining the mean value of h in

the present study for parallel, uniform V grooves, the surface is

characterized by the semi-apex angle 13 and the half mouth width

of the groove a for predicting heat flow across the interface.

the parameters which influence the value of hare,

mouth width of,the groove ii, semi-apex angle of the groove 13,

surface tension of the liguid metal a, advancing contact angle a,

the interface and air gap equivalent yf of oxide and other films

a~ the interface.

4. h increases with (i) decrease in a (ii) increase in /3 (iii)

decrease in a (iv) decrease in a and (v) increase in k.



in•V grooves

has a lo~ value at
determined by the
then with furtherrises steeply and

.,
transfer coefficient
a critical pressure

(i) a random combination of uniform

surface whenthe range of pressures employed is

interfacial iheat,,Above
Iconfiguration, 1:1

pressures.

The

fracta!

,.
'ow

treating it as

series or in parallel and (ii) a fracta! surface.

•

7. The variation of 1:1with P shows a square root relationship

i.e., hdJPwhen the value of 1:1is <calculated using the model for

increase in pressure ,I reaches a steady value determined by Yf",

6. The mold surface profile can be satisfactorily represented by

large i.e. from Ix 10 5 to 100 x 10 5 Pa.

From the experimental results and the model of the present study,
the following conclusions can be drawn.

8. The general variation of h with time in unidirectional heat
flow shows three distinct stages- I, II and III. Stage I shows a

high fluctuating value, stage II shows a steady value and stage

III shows a decrease in b with time. Specific cases may show

absence of stage III as in the case of constant rnetallostatic

head experiments or absence of stage II as in some experiments
with reqeding casting interface.

9. The experimental method developed in the present work is

'satisfactory for the determination of b in the case of constant

metallostatic head and receding casting interface arrangement for
unidirectional heat flow.

•;; I"I
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study.

is found to be satisfactory.

theFor

temperature
satisfactoryo

tho
experiments.

,
Beck's non-linea~ estimation procedure is

\
solution l"or dete=ining the vlllue of h fram,

obtained in the\present111811surements

experimental results validate the mdhel developed in the present
satisfactorily explained by the model for stages I and II. The

11. The variation of h with change in metallostatie head is

experimental conditions used here, a time interval of 0.5 seconds
\

tor temperature measurements,l second for the determination of
heat flow ~ate q and the use of one set of future temperatures

12. The model developed in the present work gives a better fit

between the value of h and the metallostatie head, compared to
the linear regression values. However, considering the sensitiv-
ity studies, the linear regression results are satisfactory .

.13. The variation of h with time is affected by casting height,
sprue height and ingate size in the case of experiments with a
receding casting interface. Increase in casting height Land
sprue height S affects the value of hI and dh/dt whereas incr,?ase
in the size of the ingate affects the time tIl for the onset of
stage III.

14. In experiments with receding casting interface, the slope of
h with time ,(dh/dt) is found to remain a constant Le.h decreases
linearly with time.

(vi)
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alloyS.

18. The value of h obtained by air gap measurements shows a

I
I,

vAlue of the interfacial

'I
I

decreases the value of b.

•

heat transf'er coef'ficient b.

Insulating mold coats decrease the

16. Increase in chill surface roughness

urements.

I,
17. The type of alloy affects the value of b considerably. Al-Li

alloy has the highest value of h, followed by LM24 and LM 6

satisfactory agreement with that obtained from temperature meas-

19. Fromthe studies on the validation of the model, it is seen

that the temperature values obtained by calCUlations using the

values of h from the various studies agree quite well on the

chill side and reasonably well on the casting side with the

temperatures obtained experimentally.

20. The calculated temperature va.lues in the ca.sting a.nd chill

are found to be sensitive to hII a.nddh/dt in the case of hath

the alloys. Variation in hI' tI and tn (by a. factor of two)

does not affect the temperature distribution significantly .. The

freezing time is affected by the values of h in the initial

stages.

(vii)
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K Chvorinov's constant

Area across which heat flow occurs

NOHEHCLA'rURE

Half mouth width of the groove
Specific heat of liquid

Wavelength of surface roughness for the rougher surface
Specific heat of the mold
Specific heat of the casting
Depth of the groove

A

•

h Interfacial heat transfer coefficient
e2 Thermal diffusivity on metal surface

•

,
el Thermal diffusivity on mold surface

hI Mean value of h in stage I
hIe Mean value of • in stage n
hIII- Mean value of h in stage In
'0 Heat transfer coefficient 'ue to gas conduction
h. Heat transfer coefficient due to solid conduction
he Heat transfer coefficient due to radiation
h~ax- Maximum attainable value of •

k Thermal conductivity of the gas film in the interface
~ Thermal conductivity of the mold

kM Harmonic mean of thermal conductivity of the contactingsurfaces

ks Thermal conductivity of the casting
L Latent heat
MC Modulus coefficient
P Interfacial contact pressure



Tf, TL - Freezing temperature
T Temperature of the mold surfaceo

Ta Ambient temperature

Tc Temperature of the casting surface

•

critical pressure
Hatallostatic pressure

Gas or air pressure
Vapor pressure of the metal
Rate of heat flow across the interface

Radius of the liquid metal

surface roughness
Thi~kness of metal solidified

surface area of casting

Time

Mean interfacial temperature

q

p

"

'c
'"

,

tf Freezing time of the casting

!:r-Duration of stage I
l:n- Duration of stage II

~t Time interval

" o

VP

Pouring temperature

Solidus temperature

Interfacial temperature drop

Volume of casting
Volume of mold

Volume ratio (= vm I Vel
Mold wall thickness

Element thickness
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Tbiekness of air gap at the interface..
Equivalent gap width at the interface
Air gap width representing oxide and other ~ilms
Varying width of air gap
Equivalent gap thickness in the gap region •

~ . '.,

•

,
~'I.

Advancing contact angle
Numerical constant
semi-apex angle of the groove
Sensitivity coefficient
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Density
Density of the mold
Density of the casting
Surface tension

Y
Ya~-

IY'I-
y' ~

y I,
•.,,
•
r
r.
r,
•
al Stefan-Boltzmann constant
9 Contactangle
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faster

surface

and in

conditionsthe thermal

The value of h affects the

knowledge of the heat flow

Por.:>anentmold castings form a

For obtaining reliable predic-

Castlngs made in metal molds have

CHAPTER 1

INTRODUCTION
I

\

Thi,. behavior of the interface can be attributed

the tor.-oation of an air gap at the interface. The

location on the interface. h depends on a number of

,•• , •• :><.I n" ,,,.

l~per~~ct contact between the casting and the mold,

..~t",~acial heal: transfer coefficient h is known to vary with

~nor ••trenqth cOlllp"rcd '::0 those cast in sand due to the

rUe of coollnq In ,"otal ,"old,. a;ndthey also have better

~,tIDq. ~, ~ ••n atudiod by oxperi=ental and numerical methods.

•
II""III<:o,,t pert ion or ':110 C<lstlngs produced in non - ferrous

~ Clrr....:t or YU'lOUll ("cto"," on tho soundness of permanent mold

t" UWIc•• o or "'lItl"<;I1I:lolidiCyinq in metallic molds, the heat

Clxtr••ction frOB tho ,,:oating is controlled by the casting/mold

~!:,,' :0.,: ~,cn.''1io•. of the inte •.face is characterized by the . inter-

:.,(-,.,: _",e.,tt".ln<:fc•. coefficient', h.

''''I ':o:.~::ication in ::letallic molds,

''',,' ,~,: t;.." ';OlldifYlng casting.

:,-,.,.",,,,; t,,:,,~ tf 0: the casting and a150 the thermal profile

,l~ ~:,,: c.'::;tlng/mold interface is necessary .

~'"'' ,,~ t~e temperature field from numerical s'imulation of cast-

,I



ticns.

lation of solidification in metallic molds. A model which can

a

awith

Considering the

In this work,

(IHCP) which is an ill-posed mathematical
IHCPimplies the estimation of the surface heat flux

this model, two types of experiments i.e. i)Verify

problem.
conduction Problem'

In metallic molds varies over a wide range.

ured temperature histories inside the heat conducting body,
history or surface temperature of a body given one or more meas-

,,,
\

Eactors like metallostatic hea1' mold roughness, mold coatings,

cdsting geometry etc. Determination of h by experimental methods
Iis difficult since it involves the solution of -The Inverse Heat

The value of h at the interface during solidification of castings

atureS are determined from a knowledge of the boundary condi-

number of factors affecting h, it is clear that a model for the

unlike in the case of a direct problem where the internal temper-
•

,

lng solidification by numerical simulation.

determination of 1:1would be extremely useful for numerical simu-

glve an initial value of 1:1would be adequate since information
about the subsequent variation in 1:1can be obtained during cast-

quantitative model for calculating the value of the interfacial
heat transfer coefficient in steady one dimensional heat flow
conditions is developed. The model takes into account the metal-
lostatic 'pressure, mold surface microgeometry, surface tension of
the liquid metal, the presence of oxide films, air gap and mold

To

constant metallostatic head and ii) with a reoeding casting

coats at the interface.



•

~ith variation in h.

h is

trans-

24 and

The calculated temperatures thus obtained are compared

•

" \

,nterface are performed to determine the interfaCial heat
',H" coefficient in one dimensional heat flow for LM6, Ul,
A,.2.7\ Lithium alloys freezing against a cast Iron chill.
dotc~ined using temperatures measured in the casting and chill

leont

ond solving the inverse heat conduction problem using the non-

llnear estimation procedure [3]. The value of h obtained from

to~perature measurements from a receding casting interface exper-
is compared with those obtained from a direct measurement

•

oct~ined from the experiments and the model and these values are
or the air gap at the interface. Representative values of hare

u~ed for obtaining the temperature field in the casting and

chill.

with the measured values. A sensitivity analysis is also carried

out to determine the variation in the calculated temperatures

-

L J



CRAPTER 2
LITERATURE SURVEY

2.1 INTRODUCTION

the
•foune. to

1. The sand mold thick-

Factors relating to

,

The thermal resistance at the

compared to the thermal resistance

This assumption is not valid for metal ,"aIds

interface in meta'l molds arises due to imperfect

material of the mold and cast material

The freezing time tf of a ~asting ~s one of the i~por~ant

by the early investigators [6-13].

interface is insignificant

!:lold.

thermal parameters which is dependent on the rate of heat extrac-

du~ing its free~ing [1] and these conditions are in turn deter-

tion and quantitative relationships have been developed between

casting soundness and free~ing time tf [4].

eined by the rate of heat extraction from the casting by the

ness is la;:ge enough to justify the assumption of sei:li-infini':e
Gand molds because of two main reasons.

The soundness of a casting depends on the thermal conditions

Solidification of castings in metallic molds differs from that in

Ili~e of ,"old [2].
due to the high thermal diffusivity of the mold material. 2. The
heat flow from the casting into the mold is limited by the ther-

mal resistance offered by the casting/mold interface in the case

of ::letaI molds [2] whereas in sand molds, thermal resistance of
the

Contact between 'he casting and mold ['J and in some cases, the
formatiOn 0' an air gap l:.'etweenthe casting and mold [6] . The
(ormation 0' 'he air gap at the casting/mold interface m stud-

of the insulating sand mold.

led
size

'"old/metal



•

natlon of h leads to the Inverse Heat Conduction Problem (IECP)

rOt" simulation of casting solidification which is of great lmpor-

mold, casting and the behavior of the interface (7-10,14-l4j.

--

Many attempts were

,,,

I
The main effect of the alr

A number of factors affecting

The importance of the inter~acial

Many investigators tried to relate the

the freezing time tf and hence the soundness of the

Literature on the prediction of tf by mathematical

intI"ence the formation of air gap.

the casting soundness.

cleI heat transfer coefficient b [25-28).

made to determine h [29-36] and it was realized that the determi-

tanco for Computer Aided Design ~AD) of castings, it is found

[35]. It was also found that the value of h depends on the time

q"p is to increase the frae,zing time, tf• which in turn affects

that the behavior of the interface can be incorporated during

simulation by introducing an appropriate value for the interfa-

freezing time of the casting with the factors relating to the

after pouring and location on the interface.

These studies led to a better understanding of the solidification

of castings in metal molds and particularly the behavior of the

casting/metal mold interface.

have been identified and a few models have also been proposed to

expl~in its behavior.

influences

This chapter begins with a survey of the literature on the fo~a-

tien of an air gap between a casting and its metal mold which

Cast~ng.

methods is then presented.



2.2.1 Early theories

DOce investigators [10,13]. These aspects are discussed beloW.

2.2 STUDIES ON AIR GAP FORMATION

h are included.predicting

that '0 air g'p forms bet.••.een aocasting ,od its mold io Che

initial stages 0' solidification ,od this g'p continues to in-

Ct'flaSe io s).zewith time [6] . Their efforts were directed to-

"1It'd,;finding the time, location aod other factors relevant to

air gap during the solidification of the casting was monitored by

this gap formation [7,9,11,12]. The variation in the size of the

Literature relating to the factors affecting h and models for

Dlnlnq h and solutions for the related IHCP are discussed.

'MIeearly investigators of solidification in metallic molds found

neat ~ransfer coefficient h in predicting tf, ~ethods of deter-

Henzel and Keverian [6J reported that the formaticn of an air gap

between a casting and its metallic mold was investigated system-

atically by Matuschka [37] who concluded that the formation of

an air gap between a casting and its mold is a result of the

expansion of the mold due to absorption of.heat and the contrac-

tion of the casting due to solidification and subsequent cooling.

Paschkia ["'1 .~ explalned that as a result of air gap formation,
the Casting skin may get reheated and this can cause the metal to

break tht'ough the skin resulting in fresh metal freezing against
'the mold wall 1 .eadl.ng to a cyclic process referred to as "breath-



'.

l:loldsurface temperatures.

:..,~,,,;r" [391.

mold

tem-

was not

rat!? of

temperatures.

Hence, by moni-

however,

superheat,

surface

The effect of the ferro-

for measuring the

mold wall temperature,

Thermocouples of the sheathed type having a

IS reported [61 t::at this view,It

mass were used

gap fotnation is associated with abrupt changes .in the

~.~'I".

~C;""!'t,,<.J ClV'"ther i."vestigatcrs [J9).

t.:on i" detelT.linl.?-dby casting si"ze, mold ""<l11 thickness,

pmlc:r.g and cO(lfficient of expansion, density, conductivity and

ar-.,,;~fic heat of mold and cas-::ing materials. Air gap for.nation

induces sr.arp changes in the temporal variation of casting and

,,'.It.<.: h""d c:n the deformation of the plastic skin of solidified

"",,t.ll .we the resultant delay in gap fOlT.lation'Ioias pointed out by

5u="",rlzing the results of the earlier investigators, Henzel <lnd

j(~v"r,~n (6; conclL:dcct that the time and magnitude of gap fonna-

~.;'.2 Dete=ination of time for air gap initiation

" r"mperature measurement

:;"",,, of the ncthods enployed by investigators to determine the

ti",,, o~ initiation of air gap at the interface are given below.

P""at'J);'"esat the mold and casting surfaces [6].

tOr,ng the interface temperatures, the time of formation of air

'l'lp can be determined [40,41].

~:"hop et al [40J studied the solidification of steel in sand and

""t'lllic molds.

"",.,11



!ieCltflow method

,\~~"r<:on ClnGHouseman (42] used bare wire therncccupies -.•ith 10.•.•.

This

This

thereby

fcrmiltion

They showed that by us~ng bare~n sand cQseings.

~: ,I ')"P oet'"een the ••,old and the casting.

I_l'-"~('o~ ':he per::la"en:: meld .;an be associated witr: tT.e

~~".rcr ~l: U re

indi""ting the presence of liquid metal il,t the interface.

::,,~~uredwere above the temperature of solidification,

,"'pce:: could not be detected by sheathed the=occuples.

~ncwsthat detection of the tine for air gap formation by ter..pe::--

~~"re measurement requires a proper technique for tleasure!::ent.

I: "'as also concluded by some investigators [9,10J that measure-

..•~r" lrltermcdiate metal thermocoup,J-es, the surface te!:lperaturcs

I
I
I~:"'V "J1C""W~::,~at tc,e shil.rp c.'1ar.ge Ccsc,;,:'.'ed in ':he SL;r:'ilce te"'per-

~~,,=~l laa for accurate measurement of the cas;:ing lnterfaC8

"ent of the mold surface temperature is not a reliable ::lethod for

dctcr,,~ning the tine for air gap formation especially in the case

of thin molds '",ith insulating mold coats since sharp ten-,perature

L."."ngcsare not always noticed in these cases"

n." heilt flo .....across the casting/nold interface can be determined

frc" temperature measurements in the casting and the mold. The

rClte aCross the casting/mold interface increases from an initial-
•

reSults Of Ma.ckenzie and Donald [43J show that the heat transfer

The

dilta

Henzel and

then decreases subsequently.

[6] calculated the rate of heat transfer using the

10,; valu~ •.~ ~ ' d~ ...~ u maXl:oluma;l

':(;'1erian

t~me Of OCCUrrenceof the peak value in the heat transfer rate is

"~sociated with the onset of "air gap formation.



ll~okc an electrical contact causillg lights to be s'~'itched off,

the

some

[ 11]

which

Winter

surfilce

formation

Desars

casting

The values of the

The growth, distribu~

The plug and the mold were supported

•

Time for complete separation of the ingot from the

,nst""d of a ,:ell det';.:1cd peak. '"ide fluc-::ca-:::o:ls Hl the

giluges which ~easur"d the movementof the

siZe of the aIr gap was monitored continuously by

[13] using two inductive gauges, one connected to the mold

,

,,: ",,;noF l,t

or the early studies on the formation of an air gap at

). ~:sccllaneous met~ods

;n~crfilC" "ilS car:-ied out by inserting electcric probes

t.~u,. indicating the for::tation of an air gap [6].

on '•.eight monitor:ng systems and the extent of gap

.••.•d" " casting of steel in a big end dO'..ningot mold fitted ',;ith

.•loose plug at the bot~om.

n".l~ ~;:-an5rer:-ate arc noticed [45].

could be deternined from the percentage of ingot weight supported

by the plug.

'-''light of th" ingot we", supported by the plug.

",cld could be dete=ined by noting the time at whic:l the entire

Di~"ct measurement of air gap between the casting and r.101C:was

Z.Z.3 Measure~ent of air gap

p"rfc"~e~ by sane inves~igators [10,13].

tien and size of ili::.-gap Wilsobtained experimentilll,! using induc-

relative to the mold surface [10].

"t al

:;Urface '~d th h .u" e at er to the castIng surface.



mined.

•

bor

in

Isaac

•

of aluminiwu

increase

CaSe

with

10

•

~ ., .I..,,

at the center of the face and corner

formation is found to decrease

air gap at a given location in the

"P

[7,9J. Beyonda ratio of 5.0, there is no appreciable

0'

'\
width were found to be in the range of 0.05-0.30 1IlllI.

dimensions

ncsS

,'P

The gap formed during solidification was found to vary from near

c3sting of square cross section. In their experiments, the meas-

~rcd values of the air gap was in the range of 0.027 to 0.247 Mm.

~ero to 0.066 romduring solidification. Based on the above

values, heat transfer coefficients at the interface were deter-

Golidifying in a cast iron mold. They monitored the variation in

A num~erof factors have been found to influence gap formation

2.2.~ Factors at't'eeting air gap formation

Houand pehlke [46J measured the interfacial gap during solidifi-

cation of an Al-13t Si alloy casting solidifying in a sand mold.

"t ill [10) used a sirygle inductive gauge for measuring the thick-

"<IJ:lely; casting size, volume ratio, mold preheat, mold coating,

preSSUreetc., and investigations pertaining to these factors are

qive" below.

Pilnchanathan et al [41) and Srinivasan et al [7) found that in a

for air

J:l~tallic mold of a given material and thickness, the time for air

gnp formation increases with increase in casting size. The time

Volume r.t'o VR ,. th t. , 1d 1 t t..• 1.e., e ra ~o 0 mo va ume 0 cas 1ng
VOlume)



stud-

Differ-

These investigators found

Chatterjee and Das [48,49]

He found that ~he ~ime for the s~arc

Isaac ct al [10] found that the freezing•

found that air gap formation can be influenced by

tl~e for gap ~nitia~icn [6].

studied the influence of coating thickness on the

[47]

1", cast iron molds.

ti::-,e of start of air gap for:nation and the total Slze of

In the location of gap initiation ,,'erealso observed be-

.n:;ulatlr.g mold coats.

lJ<1'/1OO5

~pplying pressure to the melt.

led the effect of pressure on the solidification of illuminium

"-pplied 0'"' the mold surface.

t~(> air gilp depend 01'.the volume ratio and the coating thickness

base alleys in metallic molds and repor~ed that the applica~ion

•

•

!><:Il.!v:.crof the air gap in the case of c;:,ppe" base alloys solid1-

,,
I

co' ~:le gar; [or.:tiltlon ti",e [7].

at ..U'" gap formation increase~ with inc::-ease in the thickness of

In the Case of ingot castings, the ti:.teand location of gap

of press~re can eliminate the fo~,ation of an air gap compl~taly .

initiation was found to depend on the pouring rate [6].
ences

t;"'eentop pouring and bottom pouring [6].

1'he formation of an air gap bet'.'eenthe casting and the die in

the Case of continuous casting was st~d:ed by Fredriksson and

that the size of the air gap varies widely in continuous casting.

Thegerstrom [50] and Grill et al [51].

•

The presence of an alr-gap ls known to affect the freezlng time

of the casting and this aspect is discussec below.



eO below.

As a result of experimental investigations, it was found that the

and

affea':,; the

The pre,;;ence af an

This, in turn,

Literature relating to the time

~s taken as the freezing time, tf.

"ol:.d~flaat~on of a a'lsting begi'ns near the mold ••'aJ,l

Z.J.FREEZING TIME tf OF CASTINGS IN METALLIC MOLDS

;';,-cezir.g time of the casting.

;;crature

•0: ':he gases present in this gap.

--_.----------_._----=-'

of freezing of aastings solidifying in metallic molds is present-

proaeeds to'.rards the center. The time at which the last salldi-

:y1•.9 point in the casting crosses the freezing or solidus tern-

2.3.1 Factors affecting freezing time
~

,-",u'~ces the heat extraction rate owing to the insulat1ng "a'Cure

.1''- gap bet".•een the solidifying casting and its :netallia ::laId

f:c-eezing time of a casting depends on the ther-;:-.alprcpe:c-ties af

the mold and casting, interface aondi:cions and applicatclan of

p:c-es~,ureon the solidifying casting [7,8,10,14-21].
""-1

1. 1101dmaterial
• •

1101d:naterials of higher ther;nal conductivity extract heat f"ster

and this results in a lower time of freezing. It was found ':hat'.,

is lesser lon 'aopper molds ,compared to cast ~l:on
•

anodized aluminium molds [7J.

2. Volul"e ratio and modulus coefficient

F:c-eezing time tf is influenced by volu",e ratio (VR) 1f VR 1S

belo'~' 5.0 [7J. si",ilar results Were observed by Neh:c-u[9j '0,



19,2~JIt was observed

•

According ~o Mchan [12], ~Dlu~e ::"utlC"s not:

is proportional to the modulus coefficient

v = 'Volume of castingo

VR = Volume ratio

,
::;,-,~taJ:;leparamete" for predlcting tf in ';:he case of caSt: leOTI

~101dpreheat

;U"'""'t:" 1 castings.

,',' ""ll.S'VR)-O.5.,",~" ,

c:lstings produced in per::lanent molds.

;;,:ere 5,0. = Surface area of casting

;'yyarnperumal [23J found that tf increases with increase in ,"old
preheat temperature in the case of aluminium alloy c"stir.gs. tf

increases ~arginally with increase in mold preheat in the case of

cast iron solidifying in a cast iron mold [12].

j ~. Mold surface roughness

by a smooth mold surface was demonstrated by a shift ln t~e

The effect of mold coatings on tf was studied by many investlga-

center line of the casting, poured in a mold with opposite walls
•of different roughness [27].

[9,12,53] and it was found th<lt insulating mold coats de-

•

The faster rate of hea~ extrac:lcn

and Morales at al [27] found 'chat ',;.:.t~, an

in the roughness of the mold surface, there is an ).n-~nc"ease

Prates and Biloni [52]

c~easc in the freezing time.

5. Mold coatings

tors

I

,,
- j



::.~" freez~ng time is maximum.

4.5%

CoatsmoldNehru [91 found that sillea

alloy

~~~ ~Old sur:ace te~perat~re and increase

T~.'"cC'ect of dl.itere"t types of coatings on free~ing "~me

Ne;,ru [9J found that the freezing time of gumnetal p~al:e

~l~c investigated.

Typ"

:nO,",'''58 tf but there is an optimum coating thickness for "'hich

L. ,,,as higher for aluminium - 12% silicon alloy compared to pure

~r,nl';asar. at al [7] found that 11\ aluminiuJ:1 alloys, the value of

copper and aluminium - 10% magnesium for similar casting oond1-

aluminium and long freezing range alloys lIke aluminiUm

t10n5.

castings is more than that of pure copper. According to Pat~er-
sOnet al [54], t~e freezing time of copper-tin alloys lncre"ses

~it~ an i~c~ease in the solidification range of the alloy.

7. Pouring temperature

T~e freezing time of a casting increases with an increase in the

pouring temperature [31,55]. This oan be attributed to the In-

creQse in the average mold temperature during heat extrac~icn

wlth increased pouring temperature, resulting in a lowe!:" heat

,
The freezing time of a ca~ting is influenced by its shape.

extraction rate.,
i,,,,

o , Casting geometry .:'.
MO.1an

[12 J found that in the case of cast iron solidifying in a metal
mold, for a given casting section thickness, coating material,



rela-

::"n",nip '" observed:

:.lcyLnder) < tf(5quare) <: tf (plate)

:;r,n~va5an et al (56] found tchat in a given met"llic mold, for a

o.,rticular volume/surface area ratio for zinc and zinc-5% alumin-

,U~ alloy the following relationship is obser,ed:

icoquare) " tf(rectangle) < tf(cylinder)< tf(pla'C2)

•" Pressure

,he freezing time or a castJ.ng decreases with inc::.-easc in the

the lncrease in heat extraction caused by better contact between

freezing time decreases with increase in pressure up to 0.2 bar

This can be attributed t~

reported t:::.at[47]Davies

pressure applied on the molten metal.

the casting and the mold [48,49).I,
but increase in pressure abcve 0.2 bar does not cause further

reduction in freezing time.

" 2.3.2 Relation between tf and casting parameters

A number of relationships between tf and so~e of

[7,9,12,57] and these are discussed below.

K = Chvorinov's constant

(2 . 1)

the casting

investigators

••

have been put forward by variousparameters

1. chvorincv's rule {57]:

where tf= freezing time

J

r
I
!

Vc= Volume of casting

• SA= surface area of casting
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s~ze

ter a

shapc,

in

For metallic molds, hc..•.ever, th~s rela,:ion was

is va.lid fcr ::astlngs sol~d~:ying

Chvorinov',; equation ••as foune: tc be val~c

".-",e ",old/ililoy ccmbination lrrespec<:ive of shape "r.d

,tl'." C"s~lng.

li"-itec validity [7,9] and the value of K changes wi~n

\101u~erutio and mold coating.

An c~pirical relationship was obtai~ed by Srinivasan et al [7]

~"r:'"'ec"t.",o dimensionless pararnet<l'rs as fol1m.;s:

tfl (K. SA. \lR) (2 . 2)

'.h"re -, • freezing time "' casting

V• • volume "' casting

" • volume "' mcld.m

OA • surface area "' .'cas~lng

" volume ratio (VIr/Vel

K • Chvorinov's constant

J. Nehru [9], Chinnathambi [24] and Ayyamperumal (23) fcund that a

I
general relation connecting the cas~ing modulus,

freezing ti:ne is

K (Vc/SA)I.S (VR)-O.S

volume ratio and

(2 . 3 )

lI'here Mc = Modulus Coefficient = (Vc/SA)I.5 (VR)-O.5

K Chvorinov's constant
,

~. The solidification of cas~ iron in metallic molds was investi-

,
gated by Mohan [12] and in the case of uncoated molds. he

t~e following relationship:

found

.-



There is an increase in tf with a decrease in

freezing tlme, second::;

" pouring temperature, .,'P
'It initial mold tempera turs, .,
• al:lbient temperature, 'C'"

ness are known.
u~e, ~old wall thickness mold coat material and mold co~t thicx-

X2 = ::lold wall thickness, C;:)

(-:c/SAlL= iocal coaling modulus, em

". :,'e::::-u[gJ developed a nomogrum to obtain the freezing tir::e for

51 = solidification con,;tant r, s/crn2

52 = solidification constant II, s.

pl~t~ snaped castings of copper and gunrnetal whose casting vol-

~ol~ wall thickness [55]. This result lS ascribed to the reduc-
•

tion in the thermal capacity of the mold walls with ~eduction lTI

I
1
j

1
!,,
l

''''~.llthickness.

2.4. PREDICTION OF tf BY MATHEMATICAL METHODS

lhe freezlng time of a casting solidifying in a ~etallic mold can

also ;:'e determined by mathematical methods. For determining the

f,eecing time of a casting tf, the heat conduction equation:

~/oX(kx 'T/dx)+J/oY(ky aT/3Y)+d/dZ(kz 3T/az)~ F caT/at ... (2.5)

S~O~ld be solved with appropriate boundary conditions {5,J2,58-

62 j • In the above equation, X, Y and Z represent the Cartesian

COordlnates of the point under consideration, kx'



( 2 . 6)

figure

interfacial

freezing.

".

r the .::lensit:,' "no c

The difference between

These two methods for solvi~g the heat

t~en the calculated time of freezing would be much lower

heat flow across the casting/mold interface shown in

can be abtained using the expression [2J:

4ccdunt the lIberation of latent heat durinq

"old,

th~n the v"lue "btained experimentally.

to ;,mperfect contac.: between the c"sting and the mold [58]. Tl::e

t:-.c c.l1<.:ul"tedand experimental freezing times Car. be attributed

I: "cr:cct contact :s assumed bet''''.F'ena casting and Its metall ic

lnt"r~~c" "" a boundary condition.

,

I
, ,.;cr.: <:.~()t~.ermal CC:1duc::':'V:':::lin the X, 'r 'r,'j Z d:rec<:ions,~"p.'

~r."ulJ ,,150 incorporate the thermal behavior of tCie casting/mold

t~"~r"c:f:c heat of the ::.aterial. The solution snould take int"

~""~ transfer caef::iciem: h as a boundary conditiO:1 of the cast-

cont~ct into account by using a finite value of the

!~" ~~rface [5].

c~!c~lation procedure can be modified to take the imperfect

",",abraad methads of solution are available - analytical nethcds

~~d ~umerical methods.

Cet,dwction equation are discussed in the fallowing paragraphs

~:~cr presenting a brie~ accaunt of the interfacial hea~ trans-

~cr Coefficien~, h.

2.4.1. The interfacial heat transfer coefficient

,, ,
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1/h,Sometimes, the ::werse of h i.e.
•

"

~ate of ~eat :lowlacross ~he :~ter~~ce

be determined if the "JaiUC5 of all the other terms in

To = temperature of the castIng surface

T];1 temperature of the mold surface

,---- ~----_. ----

;, ~ i1rei\ ac::.-oss WhlCh ,heat flow OOCelrS

h ~ interfacial heat transfer ccefficlent

,,,;,,,,rier. 2.6 are known.

::.-eferred to as the -thermal resistance' of the interface is used

~c indicate the behavior of the interface [63],

I The assurr.ption that heat flow across COe interface ,~"' conduc~
tion through the g.~layer of thickness y '" the interface, gJ.ves

the relation [64] :!
\

q • (k/y) A (Tc-Tt:lJ (2.7)

'.;here k thermal cor.ductivity of the gas film in the interface

y thickness of the gas fllm

r:cmparison of equations 2.6 and 2.7 yields the relation:

the initial stages of solidification, the cast metal would be

i•,,
i Yo,

k/y (2 . 8 )

•

~n contact with the rough mold surface and heat transfer ac~oss

gas conduction and

,
I
"
i
i

the interface oCCurs by solid conduction,

radiation and the overall value of h can be g~ven by [J5]:

(2 . g)

,!
,



by

(2.10)

(2.11)

proposedformula

conductivity of the

calculated from the following

i~terfaciill contact pressure

= ~armonic mean of thermal
c~ntacting surfaces

Il~ r.ardness of the softer 501id in the contacting inter-
:ace

kM

cM = ~avelength of surface roughness for the rougher surface

,,,
"r",r" :\~~-,eatetJ::"ar.sfercoefficient clue" sOlId C:lncUc::lon

" ~ .,eat transfer coefficient '"' ,to g,--,sconduc::c~on
"c

h~- ~eilt transfer coefficient d" " radiation.

~"
R.'I"c:c etc al [65]:

•

~lc:is give:--.i:y:

J,
If the ga.;Jis sufficiently small and the :::loldsurface is s,"oot:"
Ho. and Pe~lke [35J suggest that he should take into account t~e
effects c: :::::e'temperature jump distance'.

I (2.12)

where mean interfacial temperature

I
~" = interfacial temperature drop

cl = Stefan-Boltzmann constant
el~e2~ thermal diffusivity on mold and metal surfaces

respectively



low

He:-:ce

.,mo
i, .

cor.dllctlon

Further, the reg~on

i2.1c)

----~---"--,..

there ~s no solidformed,

The effects 'of he'lt storage in the gap Can "Iso be•
(35] and in this case, h is given by equation 2.8.

C.l:>" :c."" -;alue of h can be obt1b.ncd from the ex~resslon:,

the case of aluminium and other alloys which solidify at

U,!~

'"

q!ected (9).

neglected

c;luse distortion in the ternper<lture field.

;nt:.roducticn of thermocouples of finite masS at the interface can

by tr.<2ory due to the non-uniform surface conditions.

tr..': by conduc'tion through the gas film and hence may oe nc-

7~." values of Te and Trncannot be measured directly because 'ehe

t"""perCltt.::ces,heat transfer by radiation is \ler:y 1m; compared '::0

close to the interface ~ay not have a heat flow pattern predlc~ed

deter::-.ina;:ionof h using equation 2.6 by :neasure",entof To, T_
~nj q is difficult [3] and indirect methods should be e~oloyad.

~a-:ion of h - analytical methods and numerical methods.

,\~mentioned earlier b.o methods are available for the :ie-:er::ti-

To study the solidification of castings' in metallic molds, ;:he

heat conduction equation 2.S.was solved by analytical methods for

domains with simple geometric shapes and boundary conditic~s.

temperature in contact with a mold at the ambient temperature at

front solidification of liquid metal at its mel;:~ng

2.4.2. Analytical methods

The plilne

I
!
1
I



(2.14)

(2.15)

•

s = 2jcrlt

Tf= ~elting temperature

Ta= a~ient temperature
c SPecific heat

~oJ,di~-ied S IS given by the expr«ssion:

1S glve~ by the expression:,-,,'~1. e -

L = latent heat

cr1 = numerical constant

ks' Fs and °s= thermal conductivity, density and specific heat of
the casting

~~, Fm and c;:,=thermal conductivity, density and specific heat
of mold.

in tlw

It Is reported [67] that a similar eXpression was developed by
LY~bov but this solution does not admit any superheat
liquid metal.

Chvorinov's rule [57] given In equaticn 2.1 was derived analyti-

Cally for castings sOlidifying in insulating sand molds. As men-

tioned earlier, this relation is of limited validity in the case

Of permanent mold castings [7,12J and the value of Chvorinov's
COnstant K changed with shape, volume ratio and mold coating.

r I



'~I,,-,r",\1and 31 'Ireconstants .••.hich hOlve to be determined for a

(2.16)

found that the constant Al
.••.hile 81 is proportiondl to

Prates et OIl [67]

S ~ Al jt - 81

sys~e,".

on mold properties and h,

~ ~odif:ed fc~ of the Sch~dr~ solut:on was used to predic~ ~hc

"~,c;:n"s"of ",,,,talsolidir'l.ed,S, at any gi'/en ti:::e(67]:

,
~{juareroot of the superheat.

•
7te solution of Schwarz indicated that the interface attained a

constant temperature Ti' The case of imperfect contact .••.as

solved by assuming an interface at temperature Ti with two heat

conductances hI and h2 on either side of this imaginary interface

[58,60,61j. The overa1]. value of h is obtained by the relation:

'/h 1/h1 + 1/h2 (2.17)

I
Approximate solutions for the case of imperfec~ contact are

developed by so,"e investigators [58,60,61,68] and scme of these

l".etnodsare reviewed by Jones [5]. These solutions, however, are

limited to the case of plane front freezing with simple boundary

eo~ditions. Adams [58] employed an iterative method to build a

pewer SerleS solution for simple casting shapes solidifying in

~etallic molds with imperfect contact. .For the solution of this

problem, Hills (69) developed the Integral Profile Method.

Robertson and Fascetta {6B] used the method of Successive Approx-

imations for obtaining the solution.

,,



- -------_. '" _. ~._~--

the

the

the

(2.18)

,lO-thod

Once

Adjur.ct

conduc~ance was
'J~rtu"l[60] developed ~~e?rates

t time

t _ A2 s2 + 82 S

•s thickness solidified

.j constant value of h.

',;J,~r'2'\2, 82 ~ constants to be de':errni:1ed

7~ls ~Gdel could be used to predict the solidification rate and

rrpi.l<.:c"i :::; a solidified metal of appropriate thickness S. :'or

th'~ ~olcs this gives the solution:

:r.c temperature distribution during the unidirectional solidifi-

G~tion of ::letaIs in ];lolds cooled by fluids such as air or .""ter.

~a ~e incorrect [70}.
Assunption of a fixed value of S in the above solution was found

Vlrtual Adjunct Method by Garcia at al {61J. The fo~ of
The value of h in the case of thick molds was solved by

solution in this case is similar to equation 2.18.

can be determined for similar situations.

,alue of h is determined for a glven situation. the value of

A leview of the analytical methods reveals that exact or approxi-

mate solutions are available only for castings with simple shapes

~ith severe limitations on the boundary conditions. They are of

remains constant and variation of h with time cannot be easily

limited applicability for studying complex castings encounteredI

I, In practice. Further, the solution assumes that the value of h



These

If the

A brief

interIilcial

_'le value of h lS

-------------

The caleul - 'Oct value of tf lS

ror solv~~g~~e comr-l~xc~ses,In the solut~Dn.

For obtaining the temperature "ist.ribution lTI "he

This results in a set of algebraic equations.

.,,,:o,,,-:c;~';7'ethcds find grea~er application.

z .•. ] N~erical methods

The heat conduction equation 2.5 can be solved by numerlcal

",,,t:-Jod" ar.d from this, the freezing time of a cas

G:,S~l"'gand predicting the value ot tf, the ~

into consideration the libo:?-ration of latent heat,

:ound to be sensitive to the value of h. I

p'-cpeo;"ties~..•.i th temperature [60).

.~o"t tr"nsfer coefficient and va.iation of ;nold and casting

fGrene"", Method (FDM) or the Finite Element Method (FEN).

knc'w'n,the;'l the value ot" tf can be detennined by the Finite Di£-

~u~er:cal methods are used to calculate the te~perature at prede-

account of FDM and FEM and the method of incorporating h in these

1. F.:.nl.teDifferences Method (FDM) [71J

calculations is given below:

:cr~ined points referred to as nodes in the domain.

In this method, the partial derivatives in the heat conducticn

equation 2.5 are replaced by their corresponding finite differ-
enees.

par:ial derivatives are evaluated at the beginning of the inter-

j
I
I,

val At, it is referred LO as the explicit finite differences

regl.nros that the time steps 4t be below a certain value to avoidI
method and the solution is quite straight forward. This, however



effort t~an the

Other variants of FDMare the C:::-anJ,c-~lichc'-,-,.,

whleh requires more computational

,'~rllcit method.

-,c~_',odand th" Alternate-Direction-Implicit method .

.,,"t'.:lC;Q ,••hieh 00"5 not impose any restrictIon,; OJ;

•

.. " ""h::; tel "he er.d DE eh" interval 6:: Ledas

Jeyarajan and Pahlke [72] where two node5, One on the casting

Fa, ir.corporatlng h in the solution, a method '.-las developed by
•

•

~"" temperatures dr", obtained by solvlng a set of Sl~._ ~aneOU$

finite Element Method (FE11) [73J

t~o surfaces is represented by equation 2.6.

su~fdce and the other on the mold surface are used with a slight

I
I

separation to represent the interface. The heat flo~ between the

.en the finite ele::"em:,.,ethad, the domain of interest is divided

~nto elements and the solution is sougnt at the corners of the
ele:-.ents. Someti~es, the solution is sought at specific points
On t~e boundaries and interior of the elements in addition to t~e

the error is sought by the method of weighted residuals like the

Galerkin's method. This leads to a set of simultaneous equations

An ap~roXlmate solution In the element wnich ~inimizes

for obtaining the

•
ccrncrs.

~hich are then solved by uSIng matrix methods
te~perature field.

COIncident node

T~o ~ethods are availacle for incorporating the interfacial heat

transfer coef:iclent In FEM calculations
rnethcd and 2. ThIn elec.ent method.



iI,:",-"', thin elements having very s:.',a11::hickness l>X are aS50ciated

.••ith the interface. The longer side of tho:> element may be about

•

10c"tiol'.

To include the heat

•

The value of h 1S introduced by

,
\

15 used. Two nodes, one eilch on the c"sting and mold

Te::tperature distribution along the thin side is carried

c",,,c_,,c,nt "cde met~cd

meulfied taking inte account the value of h at that

In t.~l" ",.e"hed, a prlncipl" similar to that ex["lalned i,.. ",he

p~D<:cd"re

~~r:aL"cs arc g~ven the same co-ordinates.

, .. '

::0. cct~een these nodes, the conductivity matrix of the element

, Thi~ element method

100 lIx.

out by linear interpolation.

using appropriate va.lue ~'" '.~., (k = h where k

1 equivalent therTI"l ccr.dc:ctivity of the material of the interfa-

[74] .

Methods for incorporating the liberation of latent heat for the

properties of casting and mold materials have also been developed

the'rmal

llterature

Variable h oan be obtained by varying the value of

Procedures for incorporating variable

Solidification simulation of castings i.n oetallic molds

cia1 e1e::1cr.t.

does net signifioam:ly affect n.e calCUlation if the length to

l:. The heat capacity of the matedal in the interface region

width ratio of the ele~ent is large (i.e., about 100 or ooro)
•

CJO,75,76] .

simulation of oasting solidification are available in

[JJ,59] .

incorporating the interfacial heat transfer coefficient h in the

!
I
I

I
I

I
I



r.clght 58c::ion.

Liltent heat of fusion and variabte specific heat were included in

USlng FD:1.

,nves"lqators

pure lead and Al-4.5% eu

Long and short freezing range alloys could be

the solidification of

Durham and Berry [30J developed a nutlerical model for predicting

:"'l0~S f:::-om c"sting 'cOrolling by numerIcal. ~;1t"gr"tiDn using t;:-Je

s~rJant and slack [76] calculated the t~e~.al history of steel

~~nite differences methcd (FDM)for the solutior> of the. heat flow
•

,~q,Jation on a two di~c"s~onal l".esh representing the ingot :.ad

:;",2l!,JO,Jl,5I,62,76-791 and these investigations are presented

t~e calculations.

I
I
!
I

si,mlated. It was also pc~sible to include var~ous values of alr

gilp conductance and sup,,::.-heat.F:::-omt)-,eirstudies, the rat" of

~nd interfacial heat transfer coefficient was studied by,
)

solidification was det"r~ined.

etal[31].

The int"raction b"tween sup"rheat
Durhan

,

Obtained [20]. The effect of tf On tensile strength and micro-

st,ucture was also investiqated [20).

tying in cast iron molds.
good

He used the explicit FDM to solve the
By using appropriate value,; for h,

studied the effect of variation in h on the
plate and cylindrical cast iron castings solidi-

[77 ]

equations.
between experirn~nt"l and calculated values of t~

Sdnivasan
freezing time of

agreement
I
•,

,,,

!

1
/,

,
;,
)
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~~c ''''por::ance of incorporating the inter:'acial heat transfer

This leads to the question of dete~rnination of

seer. from the eaclicr section that in the si::,ulal:ion of

,nee: casting';.",;

.•.;,~~'l 0." :nIDand with a time varying cand:.;ctev\ty d",tc:-",ined by

::w -/aluc cf h obtained f.om published data.

CCG[::cie~~ in the numerical calculations for ~ccurat~ prediction

Cl:- ':r.e :,,-eezing conditions of a 'iilsting in ":.:etillll.c mold l.S

;;rr"sented acove.

h a"d many investigators [29,]3,35,36,52,6]) at~empted the de~er-

":lna~iDn c: h for a variety of casting configuro,;:ions. The

experimental details used by these investigators are given below.

2.5. DETERMINATION OF h

~t isI
c~sting solidification, close agreement be~ween the ex~er:~G~tal

I

I
and calculated values of tf using analytical and nu~erical meth-

cds could be achieved by a proper selection of the value for h.

~he value of h thus obtained is only an average value and does

~ot give the variation of h with time and location o~ ~~e ir,ter-
fa,CCl. Comparison of actual and predicted temperat~re prcfiles in
a solidifying casting, however, indicates that h is nc~ a con-

from the rr.easuredtemperatures are presented .

stant but varies with time and location On the in.:erface. In

Of the internal temperatures in the casting, h co~id ~e caiculac-

the attempts made by variOUs im.est:gators to

The methods reported for calculating tne va,lue of h

tbis section,

determine h from experimentally measured temperatures are de-
Scribed.

!
I
./

B
~.'
I



';auld be obtained.

Inverse Heat

Using tne kno"ln

The variation of h as a

fro", apprcpriate locacions

Proccdurcs for sol-•.in'1 the IHep are

•temperatures

the heat t~ansfer problem as

In the third case, a permanent mold plate cas~-

prc"lem (IHep) .

determined the inte~facial heat transfer coefficient

,"oid 0'1 ",easUl:,-ingthe

"",chadwas used to find the value of h.

'''g solidification problem •••.as studied by FDl1.

~l,,!,le analytical procedure. In the second CaSe of steel solidi-

fylng aga.:.nst a horizontal chill, the implicit finite difference

the cast1ng and mold. The ::irst Case of a casting solidifying

~,-,r.c':.:.onof time could be obtained over the entire duration of

4raund a ",ater cooled copper or steel pipe Was analyzed by a

• J~o disc:J$sed in this section.

or c,IS~ln"s to obtain the value of h bet'..;een the casting and the

:;0.:11'i [:g:, 1n his experimental ",ark, used three different shapes

J.~.1 E:xperimentll.lstudies

:;01le;lf.:.c,,-tian.

.•.al'~es of te!:lperatures, the transient heat transfer coefficient

Sun [3GJ

betw~encylindric~l slugs and the molten metal solidifying around

:!lem. Slugs of cast iron, graphite, copper and molybdenum we~e

ueed ",ith insulating end covers to ensure radial heat flow.

These slugs were given different surface coatings or treatments

and then immersed into molten aluminum or Hastelloy X. The

temperature r1Se of the slugs Was monitored and from these tem-

perature values, the interfacial heat transfer coefficient was



'~~.cinCreaSe in h is explained in terms of increasad contact

;'ledmetal and increase in the the~al conductivity of the coat-

!,l))~.

found

(2 . 19)

used a cylin-

From his results, h isin the computaticns.
:n the proper-ties of the slug "'lth te"'pe",atll,"'""as

" •..,'~:;or-ac"d..._~'.
o.I"C,-"."'l~"G:~y "ppropriate calculations basec "n explicit

....,:' ..,",'or,

tel,,,c,,",,as"linearly '""ithtime, l.e.

l"g laye,,"at the elevated tenperature.

,.!","C ilO=lnitial value of heat transfer coefficient
b = ,,"ateof lnc,,"easei~ heat transfer coef:icient with time

:Iishidaand Matsubara [63J, i:ltheir experiments,

"r"'S5uredue to expansion of thoe slug, contraction of the O3olidi-

~ "r:cal casting solidifying in a metallic die under pressure.

~$suming a radial heat flow i~ their calculations, they found the

ed to a'ual heat flm .•.

hy matching the temperature at a point closest to the interface

values of temparature at other points in the set up was att,ibut-

The difference between calculated and measured

cnterfacial heat transfer ccefficient by an iterative procedure

l:-.the mold,

Ho and Pehlke [33,35] determined the interfacial heat 'transfe,
coefficient oy solving the inverse heat conduction problem
usi~g the non-linear estimation procedure proposed by Beck [ ] ] .

'r:,einterfacial heat transfer coefficient was also determined by'

calculating the conductive and radiative heat transfer coeffi-

Clents based on the ~easuremcnt of the gap width. Good corrcla-

I
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~_",,,,u;:-,,ng<eheair gap 5i.:c during the solidification of white,

1. ilnil1ytical solutions and

2. nu~er.ical solutions

the

est~"a-

ill" gap

be deter-

Prates and

between a

of h was

resul t5 and

[30) dcterrnlned

The sizes of the

Isaac et ,,1

fcu~d between the inve.se solution

0: h clue to the combined effect of mold coating, and a~r

The air gap size was measured using an induct~ve gauge.
at ,,1 [81] determined the value of h in sand molds by

and ductile iron in sand mol~s.

,~C~alr ga~ measurements.

:.,l '~"

,: - ,,'

2.5.2 The Inverse Heat conduction Problem (IHCP)

.•.,ore found to be 0.3 mm, 0.19""" and 0.05 l::;:l fOl:" white, gray and

ductile iron respectively.

',he Interfacial heat transfer coefficient could also

;nne-d fro::1 fluidity tests. Using a fluidity test,

~ilQni [52] determined the heat transfer coefficient

clewing metal stream and its metal mold. The value

~ss'~:-.edto be a constant during the test.

The inverse heat conduction problem ~efers to the determination

oi t~e boundary condition in a conducting body whose internal

-cor.peratur()s are kno'••n at " few locations [82 J • This d.iffer"s

f~o~ the direct problem where the internal temperature field .is

deten:uned by solving the governing differential" equation 2.5

'-l5~ng appropriate boundary conditions. The solutions available

fo:: IRe!' can be divided into two categories i.e.



~. Analyt~cai sclutlcns

.'few anai:r::.:.calsolutions ';;0':;:leinver~. ,,,ncuctionpr,,'.ill
~nich a ~eillperature sensor is placed at an ~,_

in the conducting body are available in the literature [8J-85; .

Burgraff [83] developed an exact solution for calculating surf<lce
heat flux and temperature from an

,nterior te~perature by considering a series ~
~j!CP• Howe'/er, Beck {J] pointed out that the exact solution does

•not take into account variable t~_

t:lemeasured dOlta. Krzysztof et al [84] developed an approximate
analytical solution for the IRe? by using the Laplace transforn
technique. An effective analytical method is suggested for the
solution o~ direct and inverse pr-'blems of heat conductio;"
thcrrnoelas~ic stresses and heat transr.

2. Numerical solutions

'sol [85].

for the nu::,ericalsolution of the IHCP an approximate form of t:".e

variation of t~e boundary condition with time is assumed. L'sing

this form af the boundary condition with unknown coefficient, t~e

interior te~perature field is determined in the domain by nume~i-

cal p~ocedurC5 like FDM or FEM. An objective function based C~

the values of measured and calculated temperatures at various
internal pai:1ts is then dete~ined. ~he objective functio~ 1S
minimized (or maximized as the Case may be) by correcting the
values chosen for coefficients used in the boundary condi:lcr.S.

This is carried out iteratively till a stationary value of t~e
objective function is obtained. The IHCP is said to be linear



• --_.~

.,~J non-Linear IHCPs Geln be solved by using numerical met:hods.

i~ :his methcd a ~unctional for.n f~r the unknc:',n heat flux varla-

:).cn ',nth time is assumed. The functional form contains a number

0: unknOwn parameters that are estimated utilizing the 'method of

leasL squares. In the whole dc~ain function specification rneth-

DC, all tr.1! parameters for the complete time history are sirnultil-

"eously estimated. In the sequential procedure, the parameters

are estiI:'.atedat each point o~ time successively. The sequential

-8:hod is co~putationally ~ore efficient than the Whole co~ain

"r"Dedure for IHCP.

ot

- function

Both c~j,,,ilr

:~e :~e"".~lproperties of the ~aterial ~re

c,:;-.p"r""ure or else the problem is nonlinear (82].

"i",C.:.£iCJ.tion' and - t"egulariz;;ltion methods' [82,86J

two basic numerical procedures available are

;'unction specification method [BZ,66]

Regularization method [82,86]

In this method, the unknown value of heat flux at the surface can

be estimated as a single discrete valUe at each location of

interest en the boundary at each point of time. A combined method

of function specification and regularization was reperted by Tu

[86] by adding regularization terms to the functional for:-,of

the boundary values.

The paper by stolz [87J in 1960 was one of the earliest On the-

inverse heat conduction problem. He used a numerical lTIVerS,on

~.:



dnd these are discussed below.

the causes for its variation with time are discussed.

ir.-

linear

Boundary

'?ho,",gn

into account

The :nethod of

This procedure is

HOwever the solution

t".•o-dirnens ional

in conjunction with Beck's sensitivity

inverse heat cond~c~ion ?roble~.

(BE~r)

It is also seen that h is affected by many factors

This method has the advantage of taking

30lve tr,e

[3]. A deforming FEM analysis of one-dimensional

eh" ",'orkof Nicholas et al [89J the•

\1:;0 oe a>,plied to other simple shapes.

,,,verse heat transfer- proble", is investigated using the

""C:CClesc:nstable if the time steps are small.

~: t!:l" IHCPare presented in matrix for:n by Tl'"uj'illc [88J.

~l,'r.ent Method

'.-cr"eStefan problems is presented by Nicholas et al [90].

.onalysis

11,.,1'.."1" ';evelop"d by him '.,as specificCllly for spr.eres it -could

sc:'-'a:-es.

Beck [3] developed the :oon-linear estir.lation procedure for esti-

].,.n""icprogrammingand its Use for the fOr.'"ulation and solution

nating the best valUe of heat flow based on the method of least

:n~ccuraci~s in temperaturo measurement and sensor lecations

described chapter 6 of this thesis .

besides uncert~inties in thermal properties.

t~e solution of the IHCPand many investigators have attempted to

determine h.

2.6 FACTORS AFFECTING THE MEAN VALUE OF h

In this section, the factors which affect the mean value of hand

.,rom t~e above, it is Seen that the determination of h requIres



di-

con-

rough

(2.20)

h

(2.21)

"f the

---- --------_ .._._----

•

In the initial stages, the lict.:::.c::::e':"l

Thus mold. roughness arfects the va~~e

RA ~ roughness in Microns RMS.

N ~ 150 * RA-O.26

~ur:~ce~Gughnc5sof ~he mol a

:1~tUre of Cilst surf"ce

C",;t~ng size

surfaces.

C~$tl~ggeo~ctry

-,. Volume ratio

l'rop""'ties of Cilst metal

11. contact pressuz.-e

,
\

9. Miscellaneous fac~ors

:. ::;ur~aGe roughness of the mold

Priltes and Biioni [521 related the value of h to to",,,, ::;'G,-,,,,,,nessof

the nold surface.

liquid :net"l pr-events the wetting of the valleys :;:-.

:acts the mold only at: the asperities and the rap.:-':O

~):ese points initiates nucleation. The surface '::"',.._s~::,.-.

rectly. Using , fluidity test, Prates '"' Bilor.i . . ~--'-- t:,a.tc< -

i" the Case of alu::li:]um - , % copper alloy flc"",::.:-." :;-.-"'''' b"",e

:"old

Co~per molds, the relationship between the number 0= ~~~~~~~ritic
ClUclei~:and the roughness as:

The relation between hand N was found to be:
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,-,,,cedby ;:lilchining, pollshing "nd coating, has a profound in flu-

they

inf1u-

•

barrier

il:1plying ar,

interfacial heat

St~dying the heat

is dependent on ~~e=8mpc5lticTI

similac observations were made by Nehru [9] in the case

c is ~ CG~s~~ntwh~ch
!

~cunj that smooth surf"ces extract heat faste,,-,

:~u"sfc:c betwc(>na solidifying casting and a metallic ;ncld,

:~c",les et a1 [27J :cund that ':he mold ;.,all roughness as

"nce an the grain structure of the c:"sting.

2. P:.-esence of mDld coaccings

of the casting.

[SO,9il.

~ransfer coefficient by introducing additional the~al
"'he rresence of mold coatings decreases the

i"c::easc in h. 'fhis '.;as indicated .oy a shift in the center line

of ir.5ulating ];loldcoats while studying the solidification of

that the effect of coatings in reducing

,
I

cop]:er base

I'ointed out

alloys i~ cast iron molds. Flemings et
the

[92]

heat

subsequent period.

transfer is signi~icant only during the first fe;; seconds and

the ~old. but do not prevent the rapid heat extraction during the

filling of

They showed
that the coatings slow the heat transfer during the
later tneir effec:: on heat transfer is negligible.

I
I

3. Nature of cast surface

At the elevated te;,-.perat'-lreat which solidification occurs, the

i~i:ially contactlng mold/metal surfaces separate from each other

and oxidation of the casting surface is likely to occur [35].



l'.n,,~'nto affect radiative heat transfer from the casting surface

I

•

[73] .

[34].

~s also

on t"e[16]

film

--

independent

IS:l,ar: 'J': a i

The surface
cesist~r.ce ~nlch affects the

volume ratio and is
"

Thamban and Panchanatha~

The variation of h with volume ratio at

t~e cute ~r heat flo~.

~
Thick castings do not selidify completely until

Similar results were observed by Sharma et al

duration [J9}.

is influenced by the

f",-,""or lilS an addi tlcnal thermal

long

~v"r:>ll heat transfe" c;"efficient.

h is high.

""Iue of h.

~eilches a low steady state value -."hichinplies a 1m,' overall

Thi" castings solidify in a short time during which the value of

Sully [29] pointed out that casti.ng Slze affects the value of h.

ca5t:ing size

"0 the mold by altenng the emissivity of the surface [J5].

The delay in gap fOrJ:Iationdue to plastic defo=ation J.n thick

castings can lead to a high initial value of h whiCh persists for

ot~er hand sta':e that for a given volume ratio, h re!:1ains nea:c-3-y

tho same for different casting thicknesses for long freezing
range alloys.

5. Volume Ratio

fident
1'hamban and Panchanathan [16] found that the heat transfer coe£:-

the casting thickness.

the interface can be obtained from the work of Isaac et al

fer coefficient with decrease in volume ratio.

They found that the:c-eis a reduction in the value of heat trans-



•

und,,""
from the mole

However.

geomet::::",:~f the cas>:,cng is an overriding
,

[ 2 9 1 ,

In the case of ductile iron, expansion caused by gra-

the value of h decreases with time.
In cases where the casting surface moves away

~U~filce,

[35,93J.

.~O~('intimate contact betveen the casting and the mold (a" ).n the

ca~c of a core), h increases with time [36J.

7. Properties of cast metal

phitization results in better contact and hence an increase in h

:~cto'- in control lim; the interracial heat ;:ransfcl:." coefficient.

The properties of the cast metal affects the value of h directly

'"ith time [93j. The nature of the rne;:al also determines the

~pcciill conditions where the com:raction of tr.c casting causeS a

$urface oxidation ch,,:-acteristics which in turn af:ects h [35].

8. Contact pressure

,t ,;us observed that. h increases with an increase ~n the contact;

of pressures studied.

was found to obey a power law.~' from their r",sults, it ~s seen

drical casting. The paximull'.value of h as a function of pressure

Nishida andpressure between the casting and mold [36,~7,63].

that h var-ies as the square root of pressur-e over the wide range

~'!atsubara [63] studied the effect of pressure on h using a cylin-



"ppli()o•

thatIt was also suggested

h i~ found to be a func<::ion of the

Fac~ocs which cause variation in the

,,
\abser/cd that h inc~cascsNl~h lnC~CeSe

e_arlier investigators [6].

i~s water cooled copper mold.

•

2. Deformation of the casting {JB,97]

1. Mold expansion/casting contraction [6] and

Le',.;is [96].

,"- ..

nUillerical simulation by Jeyarajan and Pehlke [95) and Tadayon and

:o~>,SSLlrear.d beyond ,"l.pressure of 0.;' bilr t~.ere ',I"" no ilDClrec~,,-

~,e change in h.

casting surface temperature [29] and this aspect was used in

,,~so have an influence on the hea,t transfer bet'~'een an ingot and

,\cccrding to Jacobi [94 j different gas atmospheres in the gal'

9 Miscellaneous factors

2.7 CAUSES FOR VARIATION OF h WITH TIME

It 'das observed that the value of h is not a constant but varies

lntc:::-facial heat tr"nsfer coefficient with ti!"e are:

'"ith time [29,33,35,36,63].

1. Mold Expansion and casting contraction

It '.;assuggested' that a gap is forr.:edat the, casting/mold inter-

:aco as a r~sult of the expansion of the mold dUe to heat absorp-

tion and contraction of the c"st metal due to loss of heat, by

mold may expand initially inwardly just after pourlng because of

the localized temperature r1Se.

,,
.;
I

I
f
f
I
I



tetween two solids in contact with each other.

A survey of the literature shows that some mcdels are a,allable

for predic~ing the value of h between liquid metal and its ~old.

I

•

•

Paschkis

relationshlp

studied the

Over a real-

[65]

••

:
\

to the load. Rapier et al•

The dynamic nature of h was also pointed out by

1his aspect was used to explain the ',"ar,;ation of h along

ve"tical wall of a plate cast~ng by Sai~~mar [971.

""I'Or.'.""lon or the c"sting.- ..

Ol h.

~roJ<:hing.

2. S MODELS FOR h

~~raILdharan [45].

,',.,""'"C o'efor",ation of the c"sting- delays separation bet"••eer. the

. and the :mold This accoum:s for the hign initial valuec.ut~r.g .

•
)3 j suggested a mechanism for cyclic varla;:ion in h due to

<.S.l.Mocels for h between solids in contact

:1odels are also available for explaining the variatcion of h

istic range ot contact loads bebJeen the sur:aces, h is found to

ve~opod techniques for predicting h based on the elastic aeforma-

•
:'11e heat transfer bet'"een contact Lng solids is of interest. in

",any engineering situations [82J. Thomasand Sayles [98,99] dc-

t.i.on -"t the asperities on the contacting surfaces.

thermal conductance between uranLumdioxide fuel elc~ents and

to proportional

their stainless steel casings and proposed the

given in equation 2.10.

/



,J: t;,,, o:old/m"ta1 interface witho~ giving a methed :'or cillcuL,,:-

Its"r.d

name~'(

They fOl:nd

•

rred~c~ing h ~et~een ~

Someof the earlier investlgators provided

[47] provided a qualitative explilnation ;'or the dynilmic

qual1~ative models and

-quan~ltative models.

~o""is a'/ailab1e

:.3.:.~odels for h at casting ~COld interface

.,,,c.lll1c ::lold Can be divided Into two cCltegorles,

:':," qu"litative ;:lOde1sexplain the physical phenomena occurr~ng

3. period of fOr.:lation of al::" gap wit:: drastic reduc::ion in
h.

2. period of ccntact between solidified ~eta1 and die
adequate contact implying high h.

1. pe"iod of liquid meta~ contact w~ic~ is associated with
a high value of h.

:nq the values of h.

suoh models [35,47).

Oa,:ies

Ing the events which ocour at the interface into 3 stages:

'l""lation of h bet'w'eena casting and its :r.etallic mold by divid-

::" and Pehlke [35] developed a quantitative model for calculating

the value of h by cC:1sidering the heat flm.; across the interfa-

eii'll gap by gas conduction, convection and radiation.

good agreement between the values obtained from gap measure~ent

and the solution of IHCP.
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2. g SlJM...'{ARY

•

il chi~l

Sbe,;;.-

•

equation 2.19.

Experimental lnves~_:a-

This i~perfect contact le~ce ":0

eqUatIon for h bePJeer .
, ,

For simulation of the solidific~~_on

While thermal factors relating tc :::te

In the rna'thet:latical methods, it was found necesS2.::-,':0

. ",- .., naV,", the f0110",i;o<:"'. ~ .•

castings with compl~x geometry, numerlcal methods are

::te~"l solidifying around it given in

increase in the freezing time tf of the casting.

:.a.].E~pirical Models

cils"'lng ar.d its metallic mold.

~x~stence of i~perfect contact and sornet:mes an alr gap be~"~~~a

h =h'/2/ t

lie molds shows that the early investigators recognized ~:le

sot:ndness of the casting could be relat"d to its freezing ~.."_e,

",<:cordir.g tc Tiller [100J, the value of h can cO'predicted l:;~' :he

t time.

o'l"."rc h' ~ reference value obtained experime~.cally

(;c~,siderable attention was devoted to the determination of L '01'

fo~ the imperfect contact.

':ions were carried out to relate tlle freezing time of CilS~__-_::;S

:hc literature survey on the solidification of castings in ~E~,l-

ness etc.

lTIt;roduce an interfacial heat transfer coefficient h to aC::C:lt

~~the~atical and experimental methods.

-"ith factcrs like freezing ratio, volume ::"atio, mold coat t;,_;;~-

to be mo~e suitable.

Casting and mold material can be incorporated in the 5i::-.L:l,:~?n



•

presence __

value

.- on the

Experi~ents

lC Can be seen thaL a

•

From th!

While the number of factors '",hich

Many investigators ••..tried different

A nu~ber of factors are found to influence
Expe=i~ental determin,

co~diticns of the casting.

",,~-.'ed '::1at the value of h varies I-.'.~1tl",,-,

"g"~ "A d~+-~rritine the value of h ,,'"'Co:-i.;-,"',.1:a11y.",e, .. ~~ _~ ~~~ . ,. _ _

•

••~cC;uires tha solution of the inverse he,,:;: __"._~-=::,,-,-_.. pr;:D.:.em.

,

0;

h is necessary for the accurate prediction of the 'chermal

~~"',~" usi:1q cs;:ablishe<i 1:echniqgo~, a r::nc-N'1edgcOt :n~;or~"~~~~ -

Attempts #ere alsa made to deterMine the value of h frem qua~1:i-

influence h are large, the available models take into account

CJ.t:vc and empirical models.

only a few of the factors like metallQst,~'c pressure,
of insulating mold coats etc.

nu~erioal simulation of cas~ing solidification and such a ~cdel,

co:::prehcnsive medel to dete=.ine ):would be quite valuabie :or

is not re?orted in literature so far.



CHAPTER 3

seDIlE OF TI{E PRESENT WORP:

-
s:.:rvel'ot the available literature shows ",~at il,l satisfactory,

,_,::Jntitative model for calculating the value of :ehe interfacial

',cat transfer coefficient h between a ca::;tl"g and its metallic

~Gld WGuid be useful for casting simulation. T'1e present '.;crk is

L:,lrricct out with the follm"ing objectives:
•

TO develop a quantitative model for dete~ining the value

of h in steady state one dimensional hea:: flow between a

metallic chill and the liquid metal in contact with it.

To develop an experimental method to determine the~ value-
of h between a casting and a metal chill -for the following

two cases, which involve one dimensional heat flow:

ing casting interface arrangement.

stant metallostatie head arrangement.

of constant metallostatic head experiments,

."

sprue height and

i) constant rnetallostatic head arrange~ent

ii) receding casting interface arranger.,ent

ingate size on h in the case of experiments with a rcced-

•
To study the effect of metallostatie head on h ~n the case

the case of a smooth uncoated chill for the case of con-

To relate the experimental value of h in steady state one

dlmensional heat flow with that obtained by the model ~n

'ro study the effect casting height,

•



'i. To validate the model by. comparing the experimental re-

•

"

insul-acing ",oldthe effect of-:,,,, st\:dy qUillitat~'Jely,

coatings on the chlll surface and chill SU~:ilCG roughness
On h for the two experimental arrangements.

To measure the dimensions of the air gap between the cast

ing and chill at the interface and to relata it to h.

sUIts with the values predicted by the ~odel .•
To determine the sensitivity of the calculated temperature
values with a change in the value of h .

,
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'\ Cffi\PTER 4

~ ~ODEL FOR HEAT FLOW ACROSS CASTINGI MOLD INTERFACE

~. 1. INTRODUCTION

'i'!:e survey of l~terature given in chapter 2 ir.d~ca,:es that the

l:ttc,facial heat tl:",msfer coefficient h bet ••eer. 2!casting and its'
,

~e::lllic moid varIes '",ith time and location on tt.e i"terface. A

I
I•
I "ur:mer of factor:::; influence the va,;l.ue of h. Fo, simulation of

"/il1u('of h would ;,e valuable for this purpose.

,'1 this chapter, the variation of h with ti"'8 in or-e dimensional

":"lue of h beb,een the liquid metal and its met"l Lold in steady

into account

~old surface profile,
The ::lodeltakes

It also includes the eftect of the

The stationary value of h thus obtai~ed

A model is developed for determining theheat flow is discussed.

~he 8~fec:: of :;,atallcstaticpressure,

oe kno'",nas a funct::.on of time and a medel for de'C:ennining the

~:t5tlr.g solidification ~n metallic molds, the value of h should

""'=' gases in the interface.

s~rface tension of the liquid metal and the~al conductivity of

s~ate one dicensional heat flow.

oxide and ot~er adherent films which are normally prasent On the

~Uenc variaticn of h with time by nu~erical si~ulation. The

oodei developed here is used for the determination of h for two

unito~C' "c,.,, grooves

"'<)':"'1and mold surfaces.
can then be used as a starting value tor predicting the subse-

1. ~old surfaces with uniform V grooves or a combination of

t:n:esof mold surfaces:



tic:! of h can be divided into J stages, I, II and III as shown.

4.2 VARIATION OF h WITH TIME:

~Ock are discussed in chapter 7.

fro::.

in the
A situa-

The var~a-

reported ':':1

At the end of

i~ this chapter.

and the kea~ val~e

Further valldaticn of the model

The results obt",incd by simulation

are marked in the figure.

This is followed by stuge III in which h either de-

A sit~ation wher~ the interface condition changes

II ~erat:.ll,e are d:SC\,l5Sedhere.

c: ~ctailostatlc pressure.

','.,i,ial:ion of the model using experimental results•

""ing the model are presented and discussed

','"iua ",f h is determined for these two cases for a 'wide tilnge

,'.'''~''i.,

heaL flow is presented schematically in figure 4.1.

~~ing results obtained by experirne~ts carried out in the present

,,
:tojd ',;urr<lce qenerCltec by treating the surfac:= o:co:i~e as a

A typical graph of the variation of h with time in unidirectional

Stage I showsa steep "ise, ::ollowed by fluctuations anc 1:hen a

s""""dyvalue.. The.du.ation of stage I,

c,'C:lgeI, h attains a steady value, hII, and re::lai~s constant till

cr<}a"",swith ti;ne as shownby line 1 due to the ::lovementof the

casting surface away from the mold surface or increases with time

flgun,.

(,ue to increase in contact pressure as shownby line 3.

t,on i~ which thel:."cis no stage III is shownby line 2

stage I to stage III directly is shownas line 4 in the figure.
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quate thickness of metal is solidified, it becomes.self support-

or decrease '",ith tire,e '",hichmarks tr.e beginning of stage III. If

and

increase

,which is

variatlons

turbulenc",.

This marks

When an ade-

The ",ean pressure acting

Any skin of solid ",eta1 fo~ed is

During stage II whiCh lasts from time tI tc

Whenpouring is stopped, the fluctuations in

The mold extracts hoat from the molten metal
•

,
The fluctuatlons can be assoc~ated with

die OUI:.

c;,,-,sc"h ;:0 i.nc:.-case:":'-0"' zero ;:0 a hl"h fluctuating value

, the value of h i.e., hII relOains constant.

stClge I.

the •..old during this period depends on the pouring _ head

,;r.'." ,"01 ten ",eLall,is )Joured ~nto ;::]'" ",old, ;:;]ere ~s

,~ pressure due to turbulence.

:,'

ruptured by the turbulence in the melt.

t.~" casting height.

J~d a thin stable skin of solidified ",etal is formed

~.l,eend of stage I .

pressed against the mold by the metallostatic head.

J.ngand the conditions vf solidification may cause h to

a ITe::alcore resulting in an increase in h and this situation is

rec"des awuy f!:"o,"the mold sur:face, h decreases and is represent-

the geometry of t::.e casting is such that the cast::.ng surf"ce

in the

If the casting geometry causes a

Increase in contact pres sur" may

The actual values of tI and tIr depend on factors like

cd by line 1 in stage iII.

-,rise in situations like the solidification of the casting around

shown~y line J in the :igure.

casting of uniforTllc;:"oss-section, there is no change in the value

constant contact pressure as in the case of the bottom of an open

figure.

of h ar.d hence no dis-:inct stage III as shown by line 2

n.e casting size and geometry, pouring conditions etc.



--

bC'h:>viorhave. been report"d in literature [b1 and the varlation

in the

not enough

Ex"mples o~ this

th~ Cle~ailost~tic,,:;eel'.'cases where

,
" ;:;tag<' I, there ~s nO distinct 51::"9'"II.

of h with time in suen a situation is shown by Line ;

:-,-qure.

~:;" mean value of h in stage I is affected by the effective

:7,ctallostatic head which acts duriWj pourJ-:lg. The value of h 1n

st"g" II can be deter.uned from the metalLastatie head acting

after pouring is ccmpleted. Using the value of h in stage II as

the star-ting value, the variation of h in stage III can be deter-

pdrts:

the surface as combi,lations of uniform grooves.

The present model fer h in stages I and II is developed by oon-

Actual nold

irregularities onsurfaces arc analyzed by considering the

liquid metal surface is studied analytic~lly.

casting and mold surfaces or the increase in contact pressure as

",incdby simulating either the relative displacements between the

the case me, "e. Even ,m caseS where there '" mo distinct stage
.;:I , e notional value of on oem fe determined foe subsequent

'~sagc foe calcul"tions im stage III.

slde:-ing a mold sur:'ace having uniform V grooves with its Corre-

sper.ding liquid ;ne'calprofile. This work is divided into t.~.o

1. A mold surf"ce having unifor;n v grooves and its corresponding



•

fra.ctals;

For slmpli-

11 studiec "'-'''''''r~""ll::

th'e inter~ac",. 'ThIs~s deter"'nncd CIt

~ c~~~~~g/moluinterface
0: h

folic~lng three steps:

leave a series of V grooves on the machined surface.

:1••':a1 melds are "lanufactured by •.."chining l'roc",sses IJ.ke plar,-

l;-.g, ::lilling, turning, shaping etc.,. These machining operations

4.3 ANALYSIS OF GEOMETRICALLY UNIFORM GROOVES:

iii) Determination of h

f/ing the analysis,,, mold surface consisting of a series of

i) Ge:leriltion of a mold surface uSlng ttle methoe of

developed in the present work.
ii) Generation of the liquid metal profile uSlnq the medel

u~ifo~ parallel V grooves as shown in fig~rc ~.2 is conslde~ed.
T~e profile of the liquid metal which co~es ,n~o contact with

this mole;: surface is deten:dnec. by the surface t(msion of the,
I Lquid IT,etal and the net pressure actir.g on the liquid surface

flOl] .

A cross section ABeDof the mold along a plane perpendicular to

• th" mold sur:ace is shown'in figure 4.2. The line AB is perpen-

d.'..culaJ;" to the direction of the gJ;"oovesand a portion of AS is

sho'.;n in ;"iguJ;"e4.3. A gap between the slop;:ng w"lls of the mold

and the liquid metal is inCLuded in the fig~re to incorporate the
I effect of oxide and other films. The figure alse sho,,'s the

metal profiles that would be obtained by varying the oet
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~ ~n the liquid ~ctal surface.
is 2p and the total ~idth of the groove dL ~he

I
•

;... The l:quld metal is acted on by metallosta<':lc 1':cessc;re ?H

l::C tlle bacK pressure in the groove is given by PS+Pv '",here Ps is

')ClntS of :nost metals are much higher than the pouring te"pera-

~h" difference between the metalltJstatic pressure and the back

~:~e gas cr air pressure and Pv is the vapor pressure of :eha

F.., is negligible in the present case since the boiling

The net pressure acting on the liquid metal surface P

",,0,=-,,1.i,
I

!
I,

;)rcss",re i.e.

( 4 , 1)

P!"em priClciples governing the behavior of surface tension, t;:e

pre<;sure F and the surface tension c arc connected by the "e~a-

,
p ~ (] (ljRl + 1/R2)

'""Wre Rl ar.d R2 are the radii of the liquid metal ).TIt-,,'c peq''''!",-

tihel"l 1~

the contact a::gle

From figure 4.3, it can be seen that ~:~e

R =

1S well known that when liquid metal rests on a non wetta~ie

lequid su:c:;aceis cylindrical i.e. R2 = "'. Taking Rl = R,

lends to ~he equation {lOll:

dicular directions.

Is dete~~ined by the interfacial tensions.

It

~etal attempts to flow on the substrate,

substrate, it maintains a certain equilibrium contact angle -":-.ic::

changes its value depending on the direction of flow.



area of contact, tlow will commenCeonly '.•hen the contact angle

o.

the liquid

The receding

SO as to decrcase the

This i:nplies that when the

reaches the -advancing co"tact "ng1e',

into the groove.

reaches the advancing contact angle a,

when the ligUld metal flows
-n" "entac':: angle

d"cre"ses to the 'receding contact angle' (101).

L.gure 4.3)

netal advances

pressure P is less than a critical value Pc, the liquid metal

will not enter the groove implying the existence of an air gap

In the present case when the contact angle (the angle bet,ieen the

•sloping side of the groove and t~e tangent to the liquid metal

[',",,IS sO ~s co increase tl'.e are" of cantac'::, it does so only when

surface at the point of contact with the ~old indicated as e 1n

contact angle is not required in the prese~t analysis.

,
I

i
1

~etwccn the ~cld and liquid metal surfaces. When the pressure

exceeds Pc' the liquid !:letaladvances into the groove l:".aintai::ing

~he advancing contact angle a.,
when the

To maintain the same value of "

liquid metal advances further into the groove,

raiius R should become smaller implying the need for a higher

preSf;UreS.

rela~ionship between hand P.

liquid metal profiles fer three cases (i.e. P < Pc' p

It can also be seen from

This implies the existence of

for completely filling the groove ( R ~ [I I,

pressure P. This phenomenon can be used to develop a quantitative,

equation 4.3 that

and P;. Pc) are shown in figure 4.3.

a partial air gap between the casting and mold surfaces at all

the pressure required is ~nfinite.



;;:,cnliquid ;;1",-<::al",cuches an ideal sl'loat:h,"aid SUl:":ace~,._Cestab-

.~""s per:cct contact, then tt.e cast~ng and :::oldsUl:"::oce"'",ould

",-,-ethe same te",perature i.e., Tc = Trn as st,own ir. figul:"e~.~ a.

r~c heat flow in this case is controlled by the lowe~ value of

~jl'"thermal conductivities of the ;nold and c"sti:lg. However,

t:,,~ lS an ideal situation, :lot realizable ~n pract::ce.

~c~:act between a real mold and a casting is imper:ec: and the
,

ilquid metal does not touch all poi~ts on the surface 0: the mold

as shown in figure 4.4 b. The casting and mold surface tempera-

~lJ~"'Svary fro::lpoint to point depending on the cor,tac:: condi-

::lC~S. Representative temperatures of the casting ar.d =cld sur-

faces are indicated as Tc and Tl'land the variation in t~e di5-

~~nce between the casting and the mold is shown as an equivalent

,Hr sap. The heat flew across the interface in such a sit~atior.

~s presented in figure 2.1 ar.d the

c:oe:'ficientis given by [6]:

q

interfacial heat ~~ar.sfer

( 4 , ~ J

•

interface is considered as an air gap of thickness y

having thermal conductivity k, then it can be shown tha-: [35J

h k /y (4.5)

The lnVerse of interfacial heat transfer coefficient i.e l/h is

referred to as the interfacial thermal resistance [63]



•

•-
Di,tonce_

r EqUivalent aor
~ g lip

•-o-o
;;; T(
o

"o-.m
Distance~

,,
, I
~IMOLD :::, CASTING
0,
~I

------

- -- ---

- - - ---

•

- - - ---

a PERFECT CONTACT

- - - ---

- - - ---
- - - ---

- - - ---

- - - ---
CA5Tn</(i ---

,
I
t
I
i
f

,

I
b. IMPERFECT CONTACT

FIG, 4.4- CASTING / MOLD INTERFACE.



~lC:"",perat,-,res at -:"ricus peints on the surtilc,", ,n c:he ;"old are

.,~[ cc"st"nt bUe va:-'; censideranly. The points ::In ",he mold

Ci"v).ngcentilct ,•.ith liquid J:letal '•.auld have a hJ.gher ter.:perature

cCi£lic;uid metal surface ',.;hichare In contact ',.;ith the nold have

Similarly. the points on

-
than those which are not in contact.

~ lo'~'er tempel:."aturecomparedto the other points, Ho',.;ever.

,"p~csentiltive temperat~re for Tc and TmCilnbe found such that
•their use yields the ac'.-:ualor measured value of heat flow [102J.

4.3.1. Analysis of heat flow acrOSS the interface

The typical configurat:on at the casting/mold interface is sho',.;n

in figure 4.5a. since all grooves are similar and each groove is

sl~r.:etric about a vertical axis through the root of the groove,

the region indicated for analysis is repre~entative of the entire

ccnf::.qur"tion,

The hea~ flow in the cascing and the mold can be considered to be

one di17,ensionalat locations away from the interface. Howeve",

close to the interface, more hea~ flows in the regions whe"e

thore is contact between the liquid metal and the asperities cf

the mold and the flow lines would be as indicated in figure';, 5b.

This shows that there is a region in the vicinity of the inter~

face ;,'here heat flow is not unidirectional and this reglon lS

::larkedas the "distur~ed region" in figure 4.5b. The thickness of

th2 disturbed region is small (of the same order as the surface

'-"oughnessJ compal:."edto the thickness of the mold. The analysis

of this regicn can be si~plified by considering the heat flow to

be "cress a unifcr:" gap whose thickness is such that it alloWS
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. .

Ciln be

tem~era-cast ing

ser:c,;

~n developing the model:
•

The "",idtll of thb equivalent gap4. 5c. ,
by assl:rnir.g t:>Clt the mold and

,
same "".aunt 6£ heat

Heat flow across the interface is by conduction thrcugh the

", cic.:ur>e

~ure5 T
m

and Tc rer.'.ain const.ant i.e.. steady state heat flo'""

rhe following assumptions are made

o~tili"ed

4.3.2.Assumptions

conditions are assumec.

••
• gases ~n the gap between the casting and mold surfaces. The

thermal conductivity k of this mixture of gases remains

constant.

•2. Heat flow occurs along parallel paths which are normal to

the plane of t,.,e intel:"f"ce. The effect of deviation f~om

unidirectional flew in the vicinity of t:>e interface

negligible.

3. The casting anc. ",eld surf"ces are at constant temperatures

,.
To and '£7.) respectively.

The liquid metal does not wet the mold surface. The surface

tension of the liquid metal (J and the advancing contact:

angle'" rena in constant. The profile of the liquid metal In

contact wit~ the mold surface is deternined by '" and a of

the liquid metal.

5. The thickness of oxide and other films adhering to the mold

and casting surfaces is uniform and this Ciln be represented

62



(4 . 6 j

The chosen value of y£ gives the "<:lme thermal

ty 'c equivalent ill, gal' 0< ',.'lath Y f. The presence 0' 0,
".oie coa" Can oe included br choosin'] oc "ppropriate val",,,

procedure for obtaining the equivalent gap thickness y ~, anG:
ee

hrnax is the maximum attainable value of h.

Ihe

•
where Yf ls the air gap width representing cxide ilnd other

films, k is the thermal conductivity of gases in the gap an"

present at the interface. Yf ~s given by:

,
\

resistance as the combination of oxide films and mold coats

the interfacial heat transfer coefficient h for the configuration
shOwn in figure 4.5a is discussed below.

,"
,
,

I

t
I

,I

f
4.3.3.Analysis of heat flow in the groove

co-ordin"te axes are introduced with origin 0 at the root of the

of the entire :rIold su:-face and an enlarged view of this region is

The region marked for ar:alysis in figure 4. 5a
;!,
i

I•."',,-

Case (1): P>Pc

given. in figure 4. 6a.

is representative

For convenience of calculations, C"r:cesi"r .

:r groove. The X-axis lies in the plane of the mold surface in "

direction perpendicula:- to the grooves and the 'i-axis is c~oscn

'lIang 'he normal eo t:-:e plane M 'he r.lold "0 sho',1n ic

, 4.6a. OL represents 'he sloping groove wall end this
" 'lngle ,with the 'i-axis where ,io the semi apex angle

groove. The half width ,of tho groove '0 divided into

figure

makes an

of the

two re-

63 /
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,-"elUS R '",it!: the center of curv~turc locCite'l Cit a poinT:: il on

the'"sho'.'n

in the figure.Angle KHJis marked as r

gap region ~nd (ii)

In the gap region, the liq~lld :oct"l ",."L.le';1\ 11~S ~

(i "'lions

"'iure.

t:~.e "L-axls.

q~p of varying width y' exists in the gap region beb,'een the

, crofile JK and the sloping groove wall OL. In the cont~ct re-

gion, the liquid metal profile IJ is shownto ac parallel to the

groove wall OL separated by a vertical• dist~ncc yf represen~lng

t:-.e equivalent air gap corresponding to the oxide films and mold

coats.

The center of curvature H of the profile JK lle5 on the 'i-axis

such that,

•
r= (l: - fJ- 90' ( 4 . 7 )

Cenerally, the mold materials ar.d the mold CQ~t:sused are such

th~1; the liquid metal docs not wet _the~. The value of '" In

equ~tion 4.7 for molten ~luminiu~ resting ag3ln5~ ~ cas~ iron

mold generally lies in the range of ISO 1;0 170'. This gives
[losi'tive values for r for the values of fJ fCl:nd On nonn~l ma-

chined surfaces and the present analysis ',;ould be satisfactory.

0'1 the o'tr.er hand, if r is negative or zero, due to a large

value of fJ , it would result in instability and lead to complete

filling of the groov-e giving a value of hmaxdetermined only by

Considering a point Q at a distance x from the origin on the

X-axis, the air gap width at this location is the verticill dis- ,,,,



~la~e of t~e paper is given by:

'.:.ctth dx and unit depth ln the direction perpendIcular to the

The heilt flow dq in the gap reglen througn a strip of

: ,,;ure .;. ~il which C"n ;;;edet:er::tlnec er"'" "],,, v'nt:.,:,urution. The,
~'J:,l,l heat flO'.. ir. the groove is considered ~s .-,,;U,"OJ:': the heat

--_.

: 1')'''' in the gap region and contact reg~en ~s snewn ~n flgure

': . 6a.

k

y'
• ( 4 • B )

'e'hel:"ek = -::he=al conc.uctivity of gases ':':1the gar:

Tm=mold surface temperature

Hence, the overall heat flow in the gap region, ql, lS g~ven by:

R ~w,
r ["":"(T -T )dx

k

" • dq • • (Tc-l'::t)R sin , ( 4 . 9)
J J C '"y' y

0

where y is ::he equivalent gap thickness in the gap reg:.on OJ.

~he value of y is obtained by integration as follows:

•, , R sinr '"This 'J ives • -------- fy R sinr y'
0 .

(4 . 10)

';Ie hilve

R • O/R

, • R sine

d, • R cose dO oRd

N • R cotiS sin , ,R ooc R ,Ye
where y, • air gop equivalent M oxide and thin edms.



r'..
",
F"

Also :r'

--

,
R sinr J

c

R cos6 de

M - R case - R sine cot,,'

On integration, this yields the relation

(M + R) sin. •

C
In (1 ~ tar.2 ---),

I
ti3.n2 r /2 - k. tan r /2 .L 1:211-------------,------------- I,
, k2 ~

+ (D -,-C k,
----),

~ tan r /2(-----------------)
k1 ("1-2 tan r /2i

•

I
tan2 r /2 - 1:1tan r /2 + k21.--------------------------
, k

2
-

, C k,
r '"

IJk4 + tan I'/2 - k1/21
+ ------ (0 + ----) --------------------

2)k4
, ( jk4 - tan I'/2 .L k1/2'.

-In I:~~-=-~~~=I-I'
Jk4 + kI/2 _



! ~ C/2
tCln2 r/2 - <:1 tan r " 2 ~ ;:21 i

In 1-------------------------- II
k J,

----

C k 1,
.;. (D -'- ----) x ----- [tar.-~

2 Jk4

tan r /2 - k1/2
(----------.--- -)

J',

- -k _
_t<l,,-l ( = __ )

2 jk4

2 R cotS
•

•
I
,

M-R
" - M+R

" "
,

" (k2-1) 2

"
,

", - " - -----,
, " -, "A - C - -A - -----

" k,

J~ the contact region 1J with a uniearn air gap of width

t:~e heat flow q2 is given by:

,
q2 =--(Tc-TmJ (a - R sinr)

Yf
..• (4.11)



1'8;:C8,the overall heat transfer coefficient fer the region under

.. (4.12)
y

R sinr
~'(T-T\C ~.q ; ql-i-q2

,
too ?vera .•.l heat flm, q LS '1iv"-n "y:

k (R sinI'"--- (--- "• r y
a-R 5inr)
------)- =

Y f I
... (1.13)

"r.e:-a Yeq is the equivillcnt al" gap sIZe for the 'Or.-,:,iregroove.

:lS:1:-94.6b shows the variation of y', in addition Lee the value

~f Y and Yeq'

C3.52(2): p :oP"

[~ ?<Fc' then there is no cont"ct region and t:.e angle KllJ 'o'auld

te g:'.ven by:

ASin (KRJ)= sin r1= aiR (4.14 )

•
l~ :his case y is obtained by substituting 1"1 for r in equation

h is given by:

(4.15)

A flow chart for the calcul~tion of h using the analytical model
is presented In figure 4.7 .

•
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~hc ".'ar.:.a::.'-on of h with pr-essure for b.o values at 'it (8 A 10--1-

t::is

The effect of 'if' Q, p, •• and <J on the '/ariatl0~. of h

:or mol:: slOrfaces ",ith uni!'or:o v grooves are pre,c'.'n,ec

~("c~ion.

~l~~ presslOre are presented ~n figure ~.8.

,
~,m a:ld 12Cl A 10-4 mm). In figure 4.3b the variatIon of h "-.:.th

ro,ess,-,re :cr two values of the advar.cing cont<lct angle " (160-
•

"nd 170- is gJ.ven. Figure ~.8c gives the vi1dation of h ",ith

pressure ::""1:" three values 0: fJ (30', 45" and 60"). Fig:.;re 4.8d

gives ,!:"" variation of h with pressure for fcur villues of the

.la1£ ,"out;'. ;;idth a (0.01,0.03, 0.12 and 0.2 mm). The effect of J

on the var.:.ation of h with pressure is given in figure 4.8e, for

"'~'Ovalues of (7 i.e. 0.6 and 0.640 Njrn. The values used fo-: t"e

';~lcl:l"t~c:,.of h in the analytical :medel "re given in T"ble ~.~.

Table 4.1

Data used for the analytical estimation of h.

-----------------------------------------------------------------'-'",riacle symbol Value-----------------------------------------------------------------?!;er::lalcor.iuctivitv of "ir
~"xinter:acial heat transfer
ccef:~cier.t

k
hmax

0.024117 W/:n K
29309 w/m2~
2093.5 W/m K

Surface te~sion of aluminium
Semi apex angle of groove
~alf widt~ of groove

a,
•

0.6, 0.84 N/m
JO', 45', 60'
0.01, O.OJ,
0.12, 0.2 mm

160" 170'
lX.lbS _ 101xl05

a,Ad,ancing contact angle
PreSSUre PJj-(PS+PV)-----------------------------------------------------------------

••
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,,
'~~.(' results obtair.ed in the fer," or h. ,~s" CUrLct)",.,of pressure

liquid met'll into th(' ]roc,"e;.

c;'1uid ",etal enter::; into the groove as shO\;n in t.HfJre 4 ..,.

The general trend in the variation of h w:th, ,ncreaSe in pressure

,n all the cases studied is the sa~e i.e., h r:ses slowly tlll

is reached. The ~ncrease in h is rapl'] '.,rhen P LS jusc above Pc

•ar.d with further increase in pressurE It becomes asyr..ptotic '.-lith

the value of hmax' This l.~miting value hmilx':'5 dependent: on the

At low values of pressures (P<Pc)' the liquid metal clings to the

top COrners of the grooves. A large gap exists between the

liquid metal and the moid surface an:! this results in 1m.• values

of h. The small increase in h \;it.~ lnC::"ease in P '",hen O'<Pc is

conly due to the changes in the c\.:rva;:Ure oI ..:he liquid metid

pro~ile associ"ted with. the changes in preSSLlre. Once the

pressure reaches Pc' ;:he metal star':s ",,'lancing lnto the groove,

resulting in a reduct':",", .:n the gap ~nci he:lce, "n increase in the

'Ialues of h. With furt"er increase ;.~.pressure well above Pc'

approaches the limiting value hmax ,,-hlCh is deteL.lined by Yf'

4.4.1.Effect of Y£ on h:

Figure 4.8a shows COo variation "i ,',d eh ,ioc t'""o values of Yi
i.e., 8x1O-4 00 ,od 120xlJ-4 00. ,'jec,e"se io CO" value oi if
results io , higher value ,i h ,t ai: pressures. since '0 do-

•,
j
•
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(L17)

---~--,-'-~.

,nfluenC2

160 - ,

the critical

-:" :tOes not

Fromthese results, it is seen that

?eo~~try o~ the groove,

dir gap is 1iven bOy:

Yeg = Yf .,.y

Yeg '" Yf

For maintaining the higher value of cr, the radius Q:

"i,_~C'; only On the

i'_. ':'1'.1"equivalent

4.4.2.Effect of a on h:

a:-e sr.o,,"nin figure 4.Bb.

T~,e va:::-iation of h with P for two values of Cl i.e.

'.'it2"1 an increase In advOlncing contact angle Q,

,:-0'"' the equations 4.16 and 4.17 it Can be ';€len that fer a glven

•

O'ressure required by the metal to enter into the groove also

increases.

c;nil:1se in Yf the change in Yeg is less -"hen P<Pc co);",p"red to the

tr.e liquid metal has to deer-ease ilnd t;.i5 :"equires a higher

II

I"',
I~:

'.

..

I
,

••. ,.',
I
il'¥

inc::-ease in Cl.

4.4.3.Effect ot p on h:

rcressure. This explains the increase in crltical pressure ~ith

The variation of h with P for 3 val'-les of jl (30<, 45' and 60") is

sho;.m i" figure 4.8e. It is seen fron the figure thilt with ,,-n

76

From

This is due to the fact that

in P, the critical pressures required for the metallncrease

enter into the groove decreases.

."'ith a larg(lr valUe of {1, the radius of the llquid metal required

:or attaining the advancing contact angle is also larger.



;,-,-em figure ~.8e, it is also seen that '.•i~;-.d" lrU"rE'a"e
i

'.'dlue of h ::>elowthe critical pressure incrca$es. 1'hlS

the,n f3.

1..qLld :net-ali~ cs seen that a larger: raUl~S ~r

at a lower value•:J~"file OCC-lrs

f
,",,,usefor a constant value of a, increase in f3 causes il decreilse

in the depth d of the groove as shown in the insert In ~lgurc

~. Se.

••
4.4.4. Effect of a on h:

•
The variation of h with P for four values of a (0.01, 0.0], 0.12

"nd 0.2 mm) is given in figure 4.8d. Fromthe figure it is seen

that Pc dec::.-eases with an increase in a. With inc::.-easein a, the

:aetal reaches the advancing contact angle at a lOwer value of

pressure l.e. the criticill pressure is decreased. with iln In-

crease ln a fOI:"a constant valUe of 13 thel:"e is a wider and

~eeper gap as shown in the insert in figure 4.Sd an~ he~ce the

,alue of h tecG~es lower.

4.4.5. Effect of 0 on h

?igure 4.8e shows the val:"iation of h with P for t"lC values of u

1•e . 0.6 a~d O.8~ONjm. An increase In rr causes an increase In

the value of Pc. The radius of the liquid met~l profile just

before entering into the groove is detennined by the value of Ct.

,Ihen the value of Ctis fixed, the required radius is attained at

a higher pressure when (J is higher as seen frot!'_ equation

This explains the increase of Pc with u. It is also Seen from

figure 4.8e that the valUe of h at Pc is the Silme fer both

-- .-. --_._----------------------------------



_:::~erent values ot a.

,n alloys, C1 varies with temperature and the addition of alloying

identical 1n both ':h,-, eelse" -.•lth

,
This occur,;; because the liCU1U'\:-.etEil

pressures are

The change in a with temper"ture 15 a150 associated

,-
'.ella,," at a.

critical

,,1aments.

-------------- --

'o'l':h a change in the value of a. Dete~~nation of h In actual
",lculations should take these aspects i.nto account as 1n tr.o

case of determination of h in stag,,"s 1 and II. Determinati.on of
h in stage I should also take into account the increase i" p

associated '",ith pourir.g in the initial stages.

':;''1" thermal conductivity k of the gas mixture in the gap does

c":cthave any effect On the profile of the liquid metal or on the

The valu", of h varies in theYeg:>

~hangc in k since h = k / Yf>

direct proportion,
From the above discussions, :t ca~

::" Seen that the actual value of h depends on the equlvalent aLe

::;'~'" thickness corresponding to oxide filns Yf'

Contilct angle 0:, the two groove configuration parar.,eters nar;,ely,

".alf mouth ..•idth a and semi apax angle fl, surface t",nsion a of

:,," liquid metal and the ther.:>al conductivity k of the gas ID1X-

I
':'lre ii, the air gap>

4.S.ANALYSIS OF COMBINATIONS OF UNIFORM GROOVES:

'~"e results obtained using the analytical model sho\;' a sharp

change in h when P lies just above Pc but in practice tJ:e varia-

tion of h with P 1S mOre gradual [47,63]. The reason tor the

Sharp variation in h with P obtained in the calculations is due



elf'" t:"1is can be treated as a: combinat~on of primary texture,

~c ~~e assumption of geomet~ic~lly regui~r ~nJ

The actual profile consists of undul~tions or. the sc:rt'"ce

",""tel,..", groo'.-',s on,

Real machined surfaces de not h8ve thlS geo-
,

A typical machined s'-l~face Ls shu.;n U1 t \gu!"c
~:," ,"old 5ur:ace.

~ . 9 .

:7.etric regularity.

secc;ldary texture and err-or of form [103J. The differeT]ce be-

:'ncen these textures is the wavelength of the undul~tions as s"e~,

-~ the :J.gure. The primary texture ~s constituted by co:t:::-so
•

g","oves and the secondary textur-e is composedof fine gr-ooves.

:-:,e individual grooves on the machined surface have a rae.C;e of

"/?l,-,es fer a and p and the individual grooves have di:fe!"e:lt

~,Gld s'-lr-faces c"n be treated as a randomco",bination of c,,~::se,
;rccves with finer grooves superimposed on them, neglect~~g the

~alues c: h. Hence, mold surfaces can be analyzed by

:-esiscc-
tre~-clng

in p~rallel or in series as shown in figure ~.lO.

:::e;; as combinations of uniform grooves with thermal

le~gth can be neglected in heat flow studies as the value

~ssoCJ.ated with it is large.

'..-avC-

In such a situation. the he,,:

The ef:"ect of error of form with a larc;ee:-ror of fOJ;"ffi.

is c~ntrolled only by the primary and secondary textures.

4.5.1. Grooves with thermal resistances in parallel:

have a value hl and cover an area 11, grooveS having mou~h Width

~------

if grooves having mouth width 2al and ~pex ar.gie 2Plpressure,

-- - - ._._ ..~

?~e actual grooves on the mold sur-face can be grouped :oc;e::::er-

~ased on the values of the groove parameters a and p. At a C;iven
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shews two sets of grooves where hI is the heilt transfer cae:"f~-

)n area 12 e';:c.,. If there are n types of grooves having qrco\'e

"ient oVer an area 11, h2 is the heat transfer coefficient aver

andh2 and ,",over In .,rei'! L

,,,,,
vlalue,

--------------------------"~_.=~.~-

and a;:ex angle 2/32 have d

en, tr.8:J the overall vaLle of h is the "w-eightedavera,!"" ot,
h vaiues of these individual sets of groove". Figure 4.10a

,<,,,lue of h can be given by the weighted aver"ge value of h i.e.,
•

h '
hl11+h212+----+hnln

--------------------- =
11+12+----------+1n

(CiS)

Figure 4.11 glves the val;"iation of h with P for t.~.o sets of

grooves witch thermal resistances in parallel. The variatio" of h

-"i'::h pressure for individual grooves is also included In t'c.e

figure. 'The variation of h with P shows two steps correspon::ing

~o the values of POl and Pc2 ' the critical pressures of the twe

unters grccves of type 2 as well.

When P increases further and reaches PC2' ",e~a~I
eonstituen~ grooves.

se':of greeves.

When Pcl is reached, metal enters the flrst

Thus the net value of h lS t~e

combined effect of the two types of grooves. The res,",lt is a•.

additional step in the variation of h with P as shown In fig~re

~.ll .

• 4.5.2. Grooves with thermal resistances in series:

Th~ machined surface of a mold can be represented as a set of

coarse grooves with fine grooves superimposed on them as shown in

I
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:'~gure4.1Gb.

•

i,
\,

In this cas", the interfacial ll'l"t ~ra",,;fer coefL-,
c:ent can be detecmined as:

,
l/h = l/hl +1/h2

,
"here hi =hl (Yf/2) and h2 = h2 (Ye/2)

•
(4.19)

hI (Yf/2)

'or

~epre$ents the value of hl obta~ned by using a value

a~~ gap equivalent of oxide and othe~ films.

is defined simil~rly.
•

The value of Yf

chosen fa" each type of groove is taken as half of the no~inal
•value of Yf because the resist~nce of tine and coarse grooves are

i~ series a~d the sum of the individual values of Yf/2 associa~-

cd with each type of groove would yield a net value Yf" Figc;re

4.12 gives the variation of h with pressure when two types of

qrooves are present on the mold surface with thermal resista~ces
in sarles. The variation of h with pressure for the individ~al

grooves arc also included. The v<lriation of the overall val"e cf

h with P shows two steps at the two critical pressures Pcl a~d

Pc2 of the constituent grooves. The step arises because initiai-
lv the liquid metal enters only the COarser grooves. When t:le

•
critical pressure corresponding to the finer grooves is reache~,

liquid metal starts entering these finer grooves as well result-

,ng in the second step in the variation of h with P. The

presence of steps in the variation of h with P ~n figures 4.11
ar.d 4.12 indicates that by considering more types of grooves

calculations, the variation can be expected to become nore

I
gradual without sharp changes in h.



~.S.J. Random combination of grooves:

'[h", results of " r"r.dom combination of grooves on the variation

or h with P is presented in this section. A set of grooves with

different parameters chosen fer analysis is glven in Table 4.2

"nd v"riation of h with P for this combination is given in figure

~. 1] .

Table 4.2 •
Groove paraceters for analysis of random combination of grooves

"-----------------------------------------------------------------
fJ(') a(mm) Series(S)

o.
Par"llel (P)

weightage

-----------------------------------------------------------------
" o. ] 5

W 0.0287

00 0.0'-4

W 0.0028

~5 0.0035

0.010

0.051

0.104

0.520

1.014

---------------------------~-------------------------------------
0.000287

0.00035

5.08]

10.145 0.5

-----------------------------------------------------------------
The calculations are carried out with Q ~ 160. and

<J ~ 0.84 NIl:>.

From figure 4.13 it can be seen that the value of h does not

change significantly with pressure until the lowest value of

critic"l pressure of the chosen grooves is reached. With furthe:c

J.ncrease in P, h rises slowly and then reaches the limiting value
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co~par~son wh~ch shows the saDe range of values of h ~ith P as

The rate of ,ncrease of b wi::hP depend$ on tne ac::~al
In figure 4.lJ, the varlatlon of h with

,,,,
I,4.1J

included for

var~ation of h -,.nthl'is grc:dua!;,nfigure
-' "",.lX

S~: of grooves seleoted.
" for a groove having a =0.025 mm and {3= 62' is

:~e random cornbinat~onof grooves. The agreement between the t~e

c'~rV'-'515 not satisfactory. The range of groove parameters used
:cr the random grooves is qu~te w~e and a single equivalent
greave showing the sa~e variat~on of h with P cannot be obtained.
,~r::her,the range of pressures used in the calcula::ions~s also
:ru~te ",ide. When the range of groove parameters is not wide and
~hen the range of pressures used in the calculations is not quite
large, an equivalent groove shewing a more satisfactory agreement
ca~ be expected. ,
4.6. VERIFIC~TION OF THE ANALYTICAL MODEL

The analytical model is verified by i)comparison of the calculat-
ed and experimental liquid metal profiles obtained by pouring
iiq~id metal against a chill w~th a known surface profile and ii)
c~~parison of calculated variation of h with pressure with the
expe~iNental values published in literature [47J.

4.6.1 Comparison of calculated and experimental
profiles

liquid metal

The results of the analytical model are verified by pourlng
Cast~ngs of LM 6 alloy against flat chills having parallel V

The mold profile and the liquid metal profile obtained
alc~g two corresponding lines on the mold and casting are shown



and 'measured values of radii is sat~sfactory and this

the assumption regarding the shape of the liquid metal

'.,

in figure 4.14. The two profiles show a satisfactory match and

the liquid metal profile shows a radius as expected. The groove

parameters a and P for a few grooves on the chill surface and the

radius of the 'casting surface corresponding to these grooves are

measured from such profiles. The radius of the casting surface

corresponding to the groove parameters is also obtained by calcu-

lation. The calculated and measured radii on the casting surface

are given in Table 4.3. The agreement between the calculated

validates

"profile.
'~-.•,~

4.6.2 Comparison or calculated and experimental values of h

The v"-riation 0; h '0. aluminium reported by Davies [47] '0.
values- 0' pressure '0 'he range 0' 0 to O. , x 10' 'a agrees

••closely with the shape 0' the curves obtained by the model ad.

shown in figure 4.15. The maximum deviation between the calcu-

lated and measured values of h is less than 5%. Values of the
parameters used in these calculations are:

a = 0.05 mm, "'=170', /3=60', <1 = 0.840 Njm,

hmax = 2009 Wjm2 K k = 0.0241171 Wjm K.

•
This shows that an appropriate choice of the above parameters can

give satisfactory agreement for the variation of h with

when the range of applied pressures is not large .

•

pressur~,...

. t:-.

• !IlI••••••••••••••••• ,•••• Ii ••_~_. '" "" --
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values

% deviation

~aasured

~easured(mm)

ITahle

\
Rcaloulatad

Real (mm)tJ ( , )

Comparison of

---------------------------------------------------------------
----------------------------------------------------------------

0 Ion " 0.137 O.75 2 .57

" .20 " 0.586 0.66 11.2J',i.•_

" 22 " 0.680 0.76 10.52- ,.', o.
,. 0 eGg " 0.624 0.56 -12.43, •- ----------------------------------------------------------------

4.7.ANALYSIS OF RANDOM MOLD PROFILES

The work in this section consists of throe parts

a. Generation of mold roughness .profiles

b. Generation of liquid ~etal profile over the rough surfaces

~. Determination of h

4.7.1.Geoeration of Rough Surfaces-Fractals

The word "fractal" was coined by the French Mathematician Benoi::

Mar.delbrot [104] . A fractal is an entity whiCh ~s invariant

under a scale transformation. A typical example is a coast line

Which presents a similar appearance from a wide range of alti-

tucC's. Another example is a mountain range which shows the same

type of undulations ,;hen viewed from various distances.

A machined surface, strictly speaking, is not a fractal surface

b(lCause it is not scale invariant under all magnifications. The

method of fractal generation can still be used to generate sur-



• •

in figure 4.16.

line liesThis1>' chosen as shown in figure 4.17 (stage 1)

i\ straight line AB of length Xl wlth two fixed end point A and 8

•

determination of h using the random mold prof lIe r.:ode~ is glven

,
filce,; that resemble ",,,c;,incd surfaces.i, A '::;I:'.[]11)::.edmethod [0'"

I
• c;",nerilting fr".;:tal surfaces [104) ';:0 represent tj~", gea;n<:>try of "

",,-,chined surf"ce is descrlbed below and a :-10,. O.'1ar::' for- the

,
,>

,dong the X-axis and the Y-axis is taken perpencicula::: to
•

The midpoint D of the line AB is displaced Ln a direction along

the Y-axis by a random value in the range -exi to + exl, where c

is a constant. The value of this constant determines the rough-

nesS of the profile generated. By the above procedure, two line

segments AD and DB arE!generated (stage 2 in figure 4.17). The

mid points E and F of these segments AD and DB are again similar

1y displaced alcng the Y-axis, by rando:::values in tl1e r"nge

thus generating 4 segments AE,ED,DF and ?B

(stage 3 in figure 4.17) Typical results for 4 stages are also

shown in figure 4.17. The profile shO"..;nin stage 4 represents a

fourth generation fractal. An eighth generation fractal i~

obtained by repeating the operation 8 times and the resultant

fractal is shown in figure 4.18.

A fractal ~s an abstract entity. Therefore, scale factors can be

chosen for the X and Y axes as desired. The selection can be

done in such a way that the fractal resembles a real machined

SUrface. using these seal"", the Root Mean Square (RMS) value of

the roughness of the fractal surface generated can be determined.
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~Qr\ccmpa~~son, an actual sur:ac" profile ootained using ~ st,lus

::ls::rument: is also giver. ;." :.:.gure 4.18. The profiles sl'.c;" ~.O

~ay be treated as s,~iiar.a;1C

ao::'..!al fractal surfaces generated can have a wide range of ,.oua~.-

~_ess valc;es for a given value of c and a few trials have tQ ""

""rfermed 1:0obtain a surface profile with the desired rDug.~r.es5.

4.7.2.Generation of Liquid Metal profiles

•
Yr.e liquid metal profile in contact with the mold surface has a

radius given by equation 4.3. If the liquid metal profile ~s

d"a'~'n wit:-. a radius touchir.g all the sharp upper COl;"ners of ::he

",old, ther. this would lead tc unstable configurations. Fig,,;::-e

4.19 shows such a situation. The configuration shown in fig~re

4.19a sho'~'sthe liquid metal profile obtained by drawing b'o arCs
• hE a~d BC of radius R correspending to a pressure P touchlng t~e

::-.oldprof.:.leat points A, B a~c. C. This configuration is u;:s-:::a-

;:;lesince it does not have the least liquid metal surface area.

I
I
•

A more sta~le configuration can be obtained by drawing an arc 0:

-::::'1esame :.-adiusR touching the points A and C as shown l~. figure

4.19b. In generating liquid metal profiles in contact with t~2

~old surface profile obtained by the method of fractals, .:.t 1S

necessary to take into account the stability of the. liquid "etal

Further, the contact angle should be maintained at t~e

value Q. The procedure for qenerating the liquid metal ~rcf~le is

as follows:



o

•

w

,
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aCrOss any other point on the ~old surface.

tange~t; to the arc at the point of contact.

uSlngliquid metal

an angle a (the advancir.g contact angle)
•

i
r"diu~,,

makes

ed by an arc of radius R $uc:l 'Chat this arc does not cut

eqc:a;;::ccn ~. 3.
I

b) The arc is drawn such that the sloping w"ll of the groove

2.il) The fan::hest; points on tC18mold surface pro[~le are canncct-

,

If :OCleccndition of t"e contact: angle is not sa"isfied,

the~ the arc of appropriate radius is drawn joining the

far<chest asperity points on the ~old surface such that the

does not inter::ept any other points on t"e ",old

su::.-:ace. This situation would occur for the gro=ves for

whic~ the applied pressure, is less than the c::itical

pressu:::e.

A compu~e= program is developed fo~ determining the liqUld ketal

profile and this prcgram automatically checks the sta~~lity of

~hc configuration. A typical set of liquid metal profLes for a

gIven nold profile at various applied pressures .is shown In

figure ~.20. The values used for the generation of ",old and

llquid netal profiles are presented in Table 4.4.

':
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Tabla 4.4. Data ~s~d for the astimacion of h
wit~ a ~I",a<:talsurface.

160'

10 " It,

'..'a~ue

(1 -101) x 10'" Pa

a

Symbol"/ilrlable

R.M.S. Value of Meld ~cughness
generated

•

Advancing contact Ang~e

Surface tension 0:
Aluminium

Fractal generation

Pressure difference
PH - (Ps + Pv

~------------------~----------------------------~-I

,,
Constant 1.5

-------------------------------------------------
4.7.3.Determination or h

The value of the gap thic~~ess :i is measured at each location i

illong the X-axis. This :5 ~s~er~ined by counting the nurr.ber of

;ixels between the mold and ~s~al profiles on a co~puter graphic
~onitor and multiplying i~ ~y the scale factor. The equivalent
gap thickness due to oxide :~:~5 Yt is added to each neasurcment

•

•

a~d ~he equivalent gap ~~~Cf.ne5SYeq is deterr.,~r.edover the
e~tire profile using the relation:

I (4.20)

Yeq i=1 yi+Yt

~here n is the number of poir.tsmeasured .

• The variation of h with press~re for a fixed mold profile having
a roughness of 10 )LmRMS is shm-Jnin figure 4.21. A linear rela-
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tion can be obtained between logIn vs log P as shown in the

,
figure.

4.7.4.VerificatioD of Random Mold Profile Kodel

The results of Nishida and Matsubara [63] showing the variation

of h with P are replotted using units chosen in the present work

in figure 4.22. These results are superimposed on the simulation

results obtained using a roughness profile with an RMS value of
•

10 microns. The agreement is satisfactory considering the extent

of scatter in the experimental and simulated results.

The variation of h with pressure in the results of Nishida and
Matsubara [63] show a square root relationship while the results

of Davies [47] show a saturation value. The differences in these

~~o behaviors can be explained as follows:

The 4esults of Davies a4e based on low values of p4essu4e while
the 4esults of Nishida and Matsubara a4e based on very high
pressures. From the model, it is seen that the combination of
grooves on the surface affects the variation of h with pressure
and that at low pressures, the secondary texture will not affect
the value of h. In othe4 words, the secondary textures Can be
t4eated as an increase in the value of Yf' with higher pres-
sures, however, the primary texture becomes unimportant in af-
fecting the variation of h with pressure since these grooves with
large mouth widths are easily filled due to the .low critical

value of a and they alone are responsible for the variation of h.•

;

pressure. Here, smooth surfaces have very fine grooves with low

'"
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4.8 SUMMARY

,-at:er has used a smooth polished machined sur~acc for the mold.

In this chapter, 'ehe variatIon of h with time a;: ::he casting/mold

The total

the casting/~old

, .

rreparation 1.',;

:~a::e.',;ubara. it

s~~.c~tl::e t'lpe of :;Iold .',;ur~ace

interface 1n one dimensional heat flo'~' is ciSC:lssed.
•

'.i:~ pr~ssure .

.;j.,arly expiainec:;:,y Davies or by ~li:;:lida ilnd

d~ration cf the variation of h with time at

interface is divic:ed ir.to 3 stages- stage I, '"it:, a high fluctu-

ati:1g value of h, stage II '"ith a steady value ar.d stage III wi:'1

cl:her an increasing value of h due to increase i~ contact pres-

sure or decrease in h due to increase in the air gap between the

casting and the mold. The variation of h in stage III is deter-

~ined by t~e casting geometry. Though there are fluctuations io

::ehe val"e of h in stage I, a mean value of h can be found based

on the metalics'ea':.ic head associated with pouring. :>he value of

~ a~d cr based on a ~ean temperature in this stage should be used.

~'1e dete~i~at~on of the mean value of h 1n stage I and the

s':;:eady val'~e of h in stage II is determined by the procedure

descr~bed in this chapter. The analysis is carried out for two

types of mold pro;"iles:, 1. a mold profile consisting of a combi-

nation of u~~for~ v grooves, and 2. a mold profile generated by

t:,e method of fractals. The casting surface profile which is

fcr~ed when the liguia metal comes into contact with the mold

s~riace is podeled in this chapter from a consideration of the

s~lrface tension of the liquid metal, metallostatic pressure,

103
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relatinkcontac~ a~gle and parametcr5 a and P

The presence cf oxide and other fil",s an ,=;,e casting and,,
'J ~oove.

~.old surfaces is inc~udcd in the model in the forT.".of an add~-

tional air gap of ."idth Yf between the casting and the mold.

Expressions are developed for calculat~ng the value of h at a

"'i g~ven pressure for a g~ven set of uniform V grooves. The var~a-

-tion of h with l' In this case shows a low value of h at 10'"

pressures until a critical pre"sure Pc is reached.
• There is a

step in the valUe of h corresponding to Pc and w~th increase ln

pressure beyond Pc' h rises steeply, and then reac~es the value

of hmaxasymptotically.

h varies with l' gradually in the Case of real meld surfaces.

This is due to the presence of a large number of grooves having

dif~erent parameters a and p. This situation is noeeled by

ilssuming that the mold sur~ace consists of a rande,", cc;-;binationI
I o~ uniform grooves. Ihe overall thermal resistance of a random

combination of groo,.es is cbtained as a series/parallel combina-

tion of the the=al :-esistances of the constit:.lent g:-ooves.

Analysis of the ir.ter:ace generated by the method of f:ractals ~s

CQrried out Ona co~pute:r ~sing numerical techniques. ~

The analytical ,"odel is verified- by comparing the predic'!:ed and

actual liquid metal pro:iles formed against a knewn mold profile.

Satisfactory ag::-eementis obtained in regard to the calculated

and measured radii. By se:ecting a set of suitable values for

the various parameters ;;sed in the model, the variation of' h with

P very close to th"t re)::orted by Davies [47] could be obtained in

•



the method of fractals, the variation of h with? close to that

s:>tisfactory.
r~sults indicate that the modeldeveloped in this chapter lS

These

,
!

\
By usin(l il '"ide :.-angG of~,\e Case of the analyr:icill model.

~::.=S5ures with" ,"old s:.:rf"ce of :,-oughness 10 i-'ffi RMS and us'ing

re!,orted iJy Nishl.~a and Matsubara [63] could be obtained.

, •

•

•

I
~

•

•



CHAPTER 5

EXPERIMENTAL DETAILS

~loware described in this chapter.

,

i

The effect of

•casting interface

~.~" details of the experutlants carried out to determine 'the

,neerfacial heat transfer coefficient h in Onedir..ensional heat

:'he experil:lents carried out are categorized as fellows;

~) Experiments with a constant metallostatic head

b) Experiments with a receding

,he effect of metallostatic head on h is investigated in the caSe

ot experiments with constant metallostatie head.

t ",etallostatic head, sprue height and ingate size on hare lnVes-

f tlgated in the case of experiments •••ith a ,eceding casting inter-

face. In these experimer:ts, the effects of chill roughness and

insulating mold coats i.e., fireclay and alumina on h are also

studied. The details of the experi::tem:al arrangements are dis-

The a:;-rangementto measure "he change In the si~e

of the alr gap in a receding castir:g interface experiment is also

described.

5.1 EXPERIMENTS WITH CONSTANT METALLOSTATIC HEAD:
S.l.l.Materials used;

Alloys; Three alloys are used In this investigation namely

Ul 6, LM24, and binary AI-2.7'!; Ll alloy. The composition of

the alloys are given in Tabl" 5.1.

alloys are obtained in insot fom and used directly

::telting.



Clay/graphite crucibies of size A 20 are used for

Table ,., Cornposition 0' alloys use~ in co" experiments

A •• Of % Co %si %MS %Mn H', " L 1 .u

l_~ 0 11.49 0.09 0.60 Balance

L' " 3 .58 9.50 0.10 0.17 0.79 Ba.lancl'
Al-L). 0.003 0.108 O.013 0.186 '-' Bala.nce

~:
~elting the alloys.

?luxes and Degasser:

•

~. Coverall-II, a proprletary flux supplied

•

> b:: l1/s Greaves Foseca is used as a COVerflux during meltJ.ng of

U1 6 and 1.:124 alloys.

2. Coverall-J6 A, a proprietary fl<.:xsupplied by M/s Greaves

Feseca is used as the modifying flux :er L.'!6 alloy.

3.Licl+LiF in the ratio 1:1 is used as a COVerflux in the melt-

ing of ,0,1-2.7%Li alloy.

l::egasscr: De-gasser -190 , a proprieta::y degassar supplied by P./S

Greaves Fcsaco in the fan. of table"s '••eighing 50 gms each is

used for degassing LM6 and L~ 24 alloys.

Gi:\s: Argon gas is used for providl:<g iHl inert atmosphere during

the melting of ,0,1-2.7%Li alloy.

Molding Sand: Synthetic g:"een molding sand containing silica

sand of AFSgrain fineness nU::lber55 is used ~or preparJ.ng the

molds. 6% Sodium based bantonite is used as binder with ~%
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•

temperature data fro:;, the data "cquisition systmJ "rIO fed to

,.c.2 Experimental set-up'

obtained
and ::wie

l.:.r.ed ,"old

A schern"tlc

The digitized

\
The sand ~s :"lulled in a lilboral:()c,; colli',,:: be:c~a :C~H!

,

The time-temperature data from the set-~p

and molten metal is poured into the asbcstcs

the=.ocouples which ~ra inserted into the cnill

~<.J:scure.

~rc,!,,,rationor the ",olds.

(rom

biles,

c:lVity.

•ussembly at appropriate lecations. The output of ':l:e tl-.err.10cou-

:hc expe::.-imental set-up consists of the chlll and ",cld a.5S<=1:1-

pies is fed inta a data acquisition system.

personal computer for storage on the hard disk.

arrangement of the set-up for the determination of h is sho',1n in

figure 5.1. The procedure for assembling the experimental set-up

is described below.

S.1.3.EXPERIMENTAL PROCEDURE:

The sequence of apera::ions far performing an exper::.::ner.t are glvcn

below:

I
". Prep'lra'Cion 0' thermocouples

b. Prepa:::ation of "0 chill assembly

o. Preparation of the mold asse!:lbly

d. Assembling fOo experimental set-up

". Melting ar.d pourlng

f. Temperature meaS'-lrement.

',..
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~. ?reparation of ther:nocouples:

;.;eldu'g this end by an electric arc in a gas at:.1osphere consist-

,,",ed for ::laking the ~her".oco'lplcs" A therICocoupll'bead l,; ~ortll'd

pllers andro'," twisting the ends of the wires "",ith a pair of

c~rmnel-Alumel "",ires at Sl~e 2BS,,"G;)nd 0' ,](::equ;)te~er.9th are

",:. ing of a mixture of hydrogen and nitrogen, Twin bere percelain,
;:;eads having an outside diameter cf ] mmand a length of 25 tm

are used for covering the full length of the thermooou?lc WlreS.
• ,

b. Preparation of the chill assembly'

A cylindrical cast iron chill with jl~en5io~s as shown ln figure

• 5.2 is used. The composition of cast iron used for the chill is :

C - ].45%, si - 2.45%. Mn - 0.5%, P - 0.1%, S - 0.08%

1"0'0 thermocouples are inserted intc t"~"Oholes at locations A and

3 marked in the figure. These holes a:-e drilled to a depth of

2::1mon the side of the cast iron chill. Polarity tlf each thermo-

• ccuple wire is checked and marke:: before inse:;-tion into the

chill. The thermocouple bead is "ressed against the end of the

~.Dle and held in place by self setting cement placed on the

outside. This p:;-evcnts the then:;cccl.lpies from getting loosened

If from the chill during tr.e course of the expe:;-iment.

The 'procedure for preparing the s;:".oothuncoated chill is ilS

follows. The surface of the chill "",hichcernes into contact with

molten metal is first ob'cained b;' fine turning on a lathe.

Belfore each experiment, the chill su:cface is cleaned and polished

J
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{;lEan w.:.::hcatton an then cleaned in a sclt.:1C:cr. or <l~lute Hel.

:t lS ,•.iped

Alr 15 olo~n to

•
The chill aS5cmbly appear5 as shown In

ene~'lpaper before each exper~~en~.

left open.

-------------------------

,-"move t!'.e dust. partlcles sticki:lq on the SU~filCC.

figure 5.3.

,.:.;og. This ring has a slot far allowing the thermocouple leads.

ceramlC '~'col taking care to see that the flat surface of tr,e

Preparation of the mold asseJ:lbly:

It i5 the" washed with water, dried and placed In a mild "teel

The annular space between the chill and the ring is filled wi.th

i\ cylindrical wooden pattern of 50 mrndia is used for- foming the

mold cavity. This pattern is wrapped with an asbestos fiber

board (3rnruthickness) of required height. It lS held tightly 1n

place by using a short length of binding wire. T~e patte~n with

the asbestes sheet around it is located :.~.::~emold box such

that it is aligned with the holes drilled in t~e ~old box for the

tbermOCGuples. Cylindrical plpes of 150 ~~ d:.a~eter c~t te the

!"equired lengths are used as mold boxes. Green ",aIding sand is

then ramIled around the pattern. The pact ern 15 the:1 renewed

leaving cbe asbestos fiber board in the :ncld. Holes are then

metallostatic head experiments are shown in f:.gure 5.4a and a

photograph of the mold assembly ready for f'0ur>.g the test

l~. addition, two experi-

cast-

150, &

inserting the

for constant

Thr-ee casting heights- 100,

The details of the mold asse:.tbiythermocouples.

pierced in the asbestos board with a sharp toe 1 for

ir,g is sho.•••n in figur-e 5. 4b .

200 romare used in general exper-iments.

,------ . -------------------------'-
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:11"respectively from the chill end of the mold.

thel:"r.tocouples at lccations C and 0 at distances

-, cilsting

h"'il"" The

i!r.q -••1::1".
i,

h _. e.

The mold ilssemaly has tNoend is kept open to the atmosphere.

"",gl,t of son ",m:c t'ind the limit~ng '/illu8 or

,.,e:JCsarC perfor::.ed '.•~t~L.'1., and Ll124 alloy'.

c:"ill a.:;sembly is placed "t the bottom of :::he .."old and the top

ri. Asse::.bl.:.ngthe experimental set-up:

•T~e thermocouple beads are inserted in the mold and the free

ends of the wires of the thermocouples are fixed to a connector

block '",hic~ in tur:J is electrically connected ::c the data acqui-

sit:ion system with a 14 core shielded cable. After checking

polarity of the thermocouples by heating the bead, they

inserted into the hoies in the mold. Csre is taken to ensure

:hat the bead is located at the center of the mold cavity and

that it dces nOt:hi:1der the casting movement dUE to cor.traction.

Tile ::-old assembly is illigncd prope~ly on teO' of t:J.e chill assem-

bly. The ther~ocou?les fro~ the chill are alse connected to a

Eec:;,ndcon:1ector block which, in turn, is connec::ed to the input

ter~i:1al of t~e daLa acquisition system using another It; core

shi"lded cable.

The data ~cquisiticn system 570 manufactured by Mis Advanced

Micronic Devices ?v~. Ltd., is used for recording the time tem-

perature data from the chill and the solidifying casting. It has

a 12-bit A-D converter and hence has a resolution of 1/4096 of

the full range of input. The data acquisition system is shown In



::iq,-,oce 5.5....~- ~. \,
~~ata acquisicion syscEn is set: for an '''pu;:

0-50 ~V wnieh is s,-,it~blE tor use with chro~el alume~ the=c(;ou-

pIes. The data ~cquisit:Lon system has prov).sions for connecting

'''puts in the differe:,.-:ial mode or sJ.ngle ended ,,",ode i.e.,16

c."1ar:nels for input in differential mode or 32 channels for input

in single ended mede. The diffe~ential mode is used in tile

;It"esent set of experi,,".ents because it lo.as a commonmcde rejection

by which stray signals can be elJ.minated. The systeJ:l ~as a

built-in multiplexer ;,'hich chooses one channel at a time for

digitizing the input. The data acquisition is controlled by

soft .••.are developed in t;-.e present .••.ork, .••.hich is run on t"e per-

sonal computer. The out~ut from the A-D converter is stored on

the hard disk of tr.e personal computer. With thase preparations,

t~e set-up is readv for ;~uring.

Table 5.2

Specifications of the data aoquisition system

10Hz

4096)
second
0.1 to

Custom parallel bus
32 single ended or 16 differem:ial
input channels
> 100 Mn in parallel wit" 1000 pF
>80 dB at 60 H~
12 ranges, :i:2.5 mVto :';lOV
Xl. XIO, XIOOSwitch selectable
Xl, X2. X5, XIO Software selectable
~ 10V,:i:5V,:i:2.5V,0 to +10'1, 0 to "'"5'1
switch selectable
12 bits (l part in
31.4 k samples per
30 /lV p-p typical,
:i: 0.025% FSR
adjustable to :i:l Isb/range

Input impedance
Co~mon~nde rejection
Full sC;;l,le input
Gain selection

Interface
Analog input capacity

Input r;;l,nges

Resolution
Maximu~sampling rate
Input noise
lion-l ineari ty
Accuracy



~. Melting and pouring:

,:.e ",110ys are melted In a 7KW, 1000 'C electric"l cesist"ncC'

,,

\,

\

"Clrnace shown in figure 5.6. In t~e case of I1'l 6 and U1 24 al-

coys, the alloy ingots are cut into smaller pieces and placed

~n a clay/graphite crUC':'bl~of size A 20 located in the furnace

"nd the cover flux. Coverall IlA, ~s added. Coverall llA ].s

also ~dded during the time of fresh metal addition to ensure

that the metal always re::tains under flJ.lx cover.

~s melted completely and the required temperature

When the metal

is attained,

-ehc crucible ~s removej from the furnace and is placed in a

suitable holder for pou:cing. The dross on the surface of the

liquid metal is skimmed off with a preheated tool. The tempera-

ture of the liquid metal is cteter.:lined using an immersion pyrome-

'Cer.

sing,

Whenthe metal reaches the required temperature of degas-

it is ski=.ed ar.d then degassed by plunging crushed and

dried tablets of Degasser 190. In the case of h~ 6 alloy,

modifying flux, coverall 36A, is added after degassing. Whenthe

temperature of the :molten metal reaches the required pourln<;:

temperature, the data acquisition system is switched on and the

metal is poured into the aold. The data is recorded for a period

of 6 :minutes for each experiment. The degassing and pouring

temper"tures for the alloys are given in Table 5.3.



FIG.5.5 DATA ACQUISITION SYSTEM.
1. AID Converter
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Table 5.3. Melt treat~ent temperat~res

A-lioy "egassing Pouri~.9 !,!oC:l:ication
te",p. 'C temp. 'C temp. 'C

h' 0 750 ,00 no

';y' h' " "" no 00 ::-.odiflcation
y, AI-Li ,",odific"tion.. C" degass).ng 750 '",':

•
~cr the Al-2.7'l; Li alloy, '!lelting is carried out under a flux

cover consisting 0: a mixt'~re of li;;r.ium fluoride and lithium

chloride in the ratio 1:1. When the melt at~"i~s a temperature of

750 'C, it is ta:{en out and :"leld for a peried of 6-8 minutes and

then peured into t:-.e r..old under an argon gas cover maintained

'-'sing a t'.etal heod ov"r the crucible. The plunger used for

trea::ing the allo:; is pr"hea'::edto a te"'per~::ureof "bout 120 'C

before using.

f. Temperature rneasL:rement:

~ernperature rnea5ure::tentsfro~ the chill and the solidifying cast-

~ng form t~e basis for the deterrni~a~ion of the interfacial teat

tl;"ansfer coe~ficient h. The temperat~l;"edata from the thermocou-

pIes ~s recorded using the data acquisition system. To ensure

reliable data acquisition. the the=ocouples have to be properly

calib!:"ated. Furthe!:", the output from t~e thermocouples ~s ob-

cained in the foJ;T.lof counts fro:-. t!".e AID converter by using a

software developed fOI"this purpose.
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value is found to be less than 2.C.

-:'~lCtnlllivolt readings measured uSlng ':ella thermocouples are

Tile difference

0) '-::"llbra.L~o"',of the tharr.tocouplcs:

C:.,'Lbrat~or. of the -ther:accouples lS CClrr,e" eU': at ~_'•.o ::cmper,,-

:",-es i.,L, ~OO'C corresponding to the toil~"q poi:lt or w,,~er

Clnd660 'C co~responding to the melting point o~ pure aluminium.

<;c",pared w~t.'1the standard values repor;:ed lr. thermocouple dat"

sh"ets and converted to temperature val"es.

betWeenthe temperatures obtained by.measure",e,.t and the standard

I '
~),:-,

iJ.) Data accruisi~ion sotb,are

and lS controlled by pressing a key on the key board of the

by the sc~~'",are, the channel nult'.berand ':he :;cunts for that

Data acquisition is carried out using a progra", -"-ri,,ten in PASCAL

The software is writete,_s\-'ch that once telle

Wher.~he necessary commandis issued :or datil acquisitionPC/AT.

channel are cbtained.

I
I
I

tirr.e for data acquisition is reached, all t;.,e four ther;nocouplesI at 10catio:1s A, B, C and 0 are read seqc€:':~ially. The :1ext set

of readings are taken after 0.5 seconds and t.-.e values of the

counts corresponding to the mVoutput of th" t;,enaocouples are

obtained. . The time, channel number and the C0unts are then

stored in a ~ile in the hard disk.

The data file containing information on time, channel :lumber and

counts is the:1 fed as an inp'lt file to another program to convert

the counts into temperatures. This conversic:1 is performed off

line to ensure that there is no time delay due to convcrs~on

• --- --. -. ---



~.c'ccuple, dilta sheet and is red into the ccm;;c-,te:-orogri!m.

,~ obtained by linear interpolation using the looi<-up table.

conver':s i ':

A look-up table ~lth ~e~~erat~re lnter-,,,ring data acqui:::ation.

'.',.;.s of SO 'C f:-on 0 to 1000 "C is prepared '~s:ng s"cam.!an: ther-

;ntO m'illivclts and the temperature correspond~ng -:0 this voltage

~C)gram reads the counts obtained from a chanr.el,

The details of the various experiments per~or::led '.'lth a constant

"etallostatic head arrangement are given in
•

Taole 5. 4 belo'".

Details o~ cOilting the chills ~ith refractory ",aterials and

details 0'" the rough uncoated chill "re described in later seC-

~:.ons.
Table 5.4. constant metallostatic head experiments

Casting helgm:s
Alloys Chill condition L(mm)

U:6 smooth uncoated M

Ll~6 Smcoth uncoated 150

L~6 Smooth uncoated 100

"
~

Ll124 Snooth uncoated 200

ill24 Snooth uncoated '"~, Ll124 Sr:1oothuncoated ,oc
,,"

Ll16 Alumina coating ,OC
eMo Fir"eclay coating we

eM" Alumina coating 200

eM" Fireclay coating ,oc

eM, Rough uncoated 'OC
LM6 Rough uncoated ""
Al-Li Smooth uncoated 'oc



""t" acquisition syster.; are the sa".e as those described en 5"'C-

5.~ EXPERIMENTS ~ITH A RECEDING CASTING INTERFACE:

Hm"e\fer, the molds used and the arrange""ent of t~e

'In additional t.'1er::lacauple is used at a lacatlcn;:: inf'ur:cher,

~ion 5.2.

,"old/chill assembly 'lre dif:erent from those described earlie,.

~.-.eir.gate (figure 5.7a) to T;\onitor the freezing time 0: ~he in-

c:ate, in ':!1ese experiments. The,mold details and the details of

;~
-; -

~he paId/chill assembly are described below:

5.2.1. Mold details:

?igure 5.7a gives the details of the experimental set-'~p used in

this st'-lcy. Figure 5.7b sho.••.s the mold without the chill in posi-

tion to show the interior of the mold cavity and figu:::e 5.7c

sho'",s tl:e mold assembly ready for pouri,-,g. As scen ~r_ Lgure

5.7. the mold is assembled using two rectangular mold ;;oxes e.:-::: a

sprue cup made of a short length of cylindrical pipe 0: regui~ed

:.•cight. The upper mold box has two cylind,ical cavities ccnnecc:e.d

to each other by an ingate of appropriate size, ",'hile '::el,,,,-~[,."'e.r

mold box has a plane surface. The main casting cavity is ;>rc':~j-

ed '",ith an asb<=.stoslining. Holes are provided at distar.ces 0:: lO

and J5 mmfrom the free face of the chill by piercing throug~ ~he.

asbestos board for inserting the thermocouples. The seccr.<ic"..'~ty

acts as a down sprue. Th" required head of metal is pro'/~ded by

':hc sprue cup made of a cylindrical pipe of app,opria~e he~ght

''''hlCh is rammedwith molding sand so that a s;:rue of 50 mmdid

~nd required height is obtained.
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c COMPLETE ASSEMBLY

.,
j,

I
•

n.••••IE"'" OF MOLD CAVITY.
1. Sprue cup. 2.Mold cavIty 3.Chill .

FJG. 5.7 MOLD ASSEMBLY FOR RECEDING CASTING
INTERFACE EXPERIMENTS.

I



the large ir.ga~e cid not freeze ~ithi~ the duration of the exper-

for

three

liquid ;ner-al"'he

To vary the time

Hence, in all the subsequent experinents-

is used fo~ the receding casting interf~ce

•"'~e center of the ingate. From a study of the

asseDely is ?l~ced s~ch that

of the ingates, it is found that the smallest

~~e ~old cav:"'y frc~ ~he bot~om and touches the

';'6;:":.lx 30 mI:I(large), 20 m111x 20 mn (medium)
's::all) are used. The time cf solJ.dification of the

The ~:..:::eavailable for observing stage III with med~u~. .lmcn ~.

ingate is ~~:'..~es~all.

cngate sJ.ze <;:'..-:esa reasonable ti,"e for studying stage III, '",hile

c~s~te is ::c~~~c~ed by a~ additional thermocouple placed a,

- ..-,'

loc~tion E

the sma~l

C:lc,-L'~'r.lc:-.::'sp::'acedon tep of the ~old.

:'re.ezing t:..:::s

"~:ch t~e ?~~ssu~e of the liquid me~al acts on the chill,

_C va~y the pressure acting ~t the interface, threeexperi",.s~ts.

::,::;0,150 and 200mm a~e used. The procedure fa::
t~e casting on ~, three cast~ng

50, 100, and 150mm are used.:-.eights (5)
of the length of

,,----,.-,-- --

( L iheights

"",,udy the

differel1~

Melting a~~ ~our~ng the castings and acquiring time-tenperat~ra

da~d is sa::a as that described in the previous section. The only

differenCe il1this case is the monitoring of the ingate te~pera-

ture or. an a=ditional channel.

The detai~5~: the var~ous expe~i~el1ts with a receding cas~inc

interface a~e given in Table 5.5.



,
, i

Table 5 •5 . ae-reding casting interface e:Kper iean t"

i

" Alloy c;-.ill , casting Sp,'.l€ Ingate
d' . Ic::on .ttl-en helght:(Li hecg!'.t~S) size

mm ml:', (::1m " m,.,.

U16 smooth uncoated iOO '00 46;.;:30 (large)

r..;16 S::>coth uncoated '00 iCO 20><20 (medium)

Ll16 smooth uncoatec '00 '00 18x12 (small)

U16 smooth uncoated '00 '00 18x12 (small)

r..:~6 Sr.,ooth uncoated m '00 l2X12 (s;.I"ll)

L:1 S S:acoth uncoatec: we "0 18x~:'(small)

•
r..:~24 Si:\Qcth uncoated '"" "" 18x12 (small)

L':l24 S:moot1t uncoatec. '00 '00 :L8x12 (small)

U12~ Sneath uncoated '00 i~O 13x12 (small)

'-116 Smocth uncoated '00 00 13x12 (small)

L:16 S:;looth uncoated '00 iOO 18x12 (small)

U15 Smooth uncoated '00 '00 18x12 (s::lall)

L..'124 Smooth uncoated '00 00 18x12 (small)

L"!2'" Stwoth uncoated '00 '00 18x12 (small)

L."i24 Smooth uncoated '00 '00 laxI2 (s::Iall)

L:.:6 Alunina coating '00 ,"0 12x12 (s",all)

L:124 ,,_luminacoatir.g ieo iOC ;.2x12 (small]

1.:16 Fireclay coat=-ng '00 iOC lsx12 (small)

LIE 4 Fireclay coating '" 100 "-Ex12 (small)

U<O Rough uncoated m 100 lEX12 (small)

Al-Li Smooth uncoated 100 eo lEX12 (small]

5.3 EFFECT OF INSULATING CO~TINGS ON CHILL SURFACE:

The constant metallostatic head arrangement ( L = 200~m) and the

data acquisition are as described earlier. Coating materials and

receding casting interface arrangement with casting heigr.ts

\00 mm, sprue heights '00 mm ond ingate size 18x12 mm m used

in this study. The mol,'ling,assembling, mel tir.g, pouring one

method of coating the chill surface are described beloW.



5.3.1 Coatings Used:

,. >0 celating ""aterials na,",elyfijreclay and alumina are I.1sec. The

~ ~c~nositions of the coating slur~'.,used are given belcw:
.,: c-

Fireclay coating Alumina coating

'_-'.reclaypowder
sodium silicate

(300 mesh) 50 %,,
.1 '5 %

Alumina powder (JOO mesh)
sodium silicate
Water

5.3.2 coating procedure: •

1~e chill ~s heated to a temperature of 110 °C. The coating is

s~cayed on to the heated chill surface by a spray gun a~erated by

compressed a~r. The coating obtained is of unifor~ thickness and

su::facefinish. Maintenance of this temperature is essential for

attaining necessary stre1'1gth,uniformity of thickness and surface

:"""ishof the coating.

5.3.3. Measurement of coating thickness:

The thiCKness of the coating is measured by an eddy cur::e~t test

i~strumcnt . The response of the instrument fer the coating

thickness ~s compared with the responses for different values of

lift off (obtained by inserti~g layers of insulating sheets 0:

..,~,ownthickness) on an uncoated reference chill and selecting the

tratching value. A coating thickness of O.24mm is obtained in the

case of fireclay and a coating thickness of 0.46 ];1:Il

ohtaincd in the case of ~lumina. The time temperat~re dat~

obtained from the experiments using the coated chills are record-

ed for subsequent analysis.



:;:he

,
\

For the receding casti~g interface
A casting height of 200 mrn is used for the case of

5. -l. £FFEC,", OF CHILL ROUGHNESS ON h,

,"_'" c:is sc:udy, experiments are carr~ed ou,:; using both cr;mst"r.t,
~~~~llcstatichead and recedi~g casting interface using

~~nstant metallostatic head .
.,~;oerirr.ent. the casting height(L) is 150 rnJ<I,sprue height (S) is

.,:,,1 :un and the size of ingate is 18 mLlX 12 ",:n. T"w'Ochills

~'~,'i~.gdifferent values of roughneS'5 are used to ev"luate the

e::"ect of change in the chill roughness on interfacial heat

::~a~sfercoefficient. A nomal smooth chill surface is procuced
~\_L~.e turning on a lathe and then polishing '::Chissurface ,~'il::la

~iO eJ7.erypaper. This smooth chill is the sa,"e as that used in

t~g previous experiments. A rough chill surface is produced by

=a~~ining uniform grooves on a shaping machine maintaining un~-

:~~~ depth and distance between the g=oeves. The tiL.e te~pera-

~~~e da~a are obtaineG frcn t~e casting experiments using t~e

r~~g~ ch~ll and stored for subsequent analysis.

5.4.1 surface roughness measurement:

• :~e surface roughness of the chill and the casting surface made

a~ainst thls chill are obt~ined using the Perthometer, a stylus

l:lSt::-u:oent.~ rUn of about 5 mm is used for the roughness meas-

'.'ellas the values of surface roughness in terms of RA, R;nax etc .

Ita surface roughness measurements on the chill and the casting

•
•
•

'~remer.t. The instrument direc~ly gives the roughness profile as

?:-oduced against the chill at predeter;nined locations ~re madeI
j

and compared with each other. Roughness profiles for a smooth

I



\
,:oJ rough cr.ili along ."~th '::he roughne",", Iprofiles of the r;Qr,-,"e-,
_,,:o;1d~ngc..,stings "re presen-.:c"d in ;:ig\.:r8 5.8.,

,.S.MEASUREMENT OF AIR GAP:

~r.e changes in the dimensions of the air gap with time for.:ted

""L'."een the casting and the chill in the case of a receding

;3sting in~erface experiment are measured using an inductive

g~uge In this study. The mechanic¥ arrangement, and the details

the displacement measuring set-up are described here.

?rccedure for molding, melting, pouring and temperature measure-

~ent are as described earlier.

S.S.l.Mechanical arrangement:

Tr."arrangement of the chill with the inductive gauge is shown in

:':0\1r8 5.9. The method is based on the procedure described

"'Y Isaac lOt al [34]. The movement of the casting surface ~s

:cllowed by an assembly of an aluminium freeze-on plate and a

3~3inless steel pin riveted on to this plate. The molten ~etal

2~~ulfs the freeze-on plate and solidifies around it. Any subse-

~ue~t ~ovement of the casting surface causes the freeze-cn plate

stainless steel pin assembly to move with it. The mechanical

~e~ails of the complete arrangement are given below:

A~ aluminium plate of size 10 mm x 14 rom X 0.9 ~m bent into a U

s~a~e with each arm 2 mm long is used as a freeze-on plate. One

2~d of a s~ainless steel pin of 2.5 mm diameter and length 120 mm

:s riveted to the center of the freeze-on plate. This stainless



-------- ----

CO,L1

, "O~GH

fIG,".S ROUGHNESS PROFILES Of CHILL AND CORRESPONDING

CASTING.



, .,,.. • "..
¥ ,3

,
, ~

"
I ,

~1 ,, , ,

, , r-
,

,
~i I I G..Jt ' I ,

( ,:] I i

I
L•..,,,

•..,..

om
'"

,
•
!

•
"- •,

, e, 0

~ ,,, .C

C ",<

II 11
LL "" "" ""'~11 "II 11
LL " "

" "" LI ••

"~ '" '11 "" " •.
"" <: ••,," .- '""" "-
II "II II
H 1I
11 "" "LL "" "" "" "II II

" "" 11" "" "" "11 "

,/,g"
<

,,••,,
:8,

L_

,. ' •,,
•,,



..-----
o. OVERALL VIEW OF crlllL.

1 Freue-on p(ote 2 (hill,

3.rnduetive gouge plun~er

-.-,----_.- ". __ ." . " 'j::::c
1,

',. (LOS~ VIEW OF INDUCTIVE GAUGE,

1.1ndu,t". gauge." ~Ight sprong

3 Tube r.tn,nmg spring,

FIG.5 9 CHilL ARRANGEMENT FOR AIR GAP
MEASUREMENT,
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5.5.2 Measurement of displacement:

An induct~ve g'lUgeWi Qr c-,r.ge

<,
!

d1splacement. The induc::ve gam;!?15 conr.!?cted to 1'.•"/ ,5-5

scngle channel carrier Frequency Amplifier (CFA). The inducti' .•e

gauge and CFAare supplied by

GmbH,west Germany.

Hottinger Baldwin Messtcchni~

•
I

The CFAlS balanced after remcv::1gt~.e plunge" of the induc'Cive

gauge. The amplifier is seC;to ,neaSUl"ea total dlSplace~ent of ,
0.5 mm of the plungel:. ?he calibration of the inducti' .•e gauge 1S

carried out using a micro~eter dept~ gauge with a least count of

0.01 mm. Knowndisplacements are gillen to the plunger of

ir.ductive gauge and the .:.ndications en the CFA",eter are noted ':D

ensure accuracy 1n the full range. The DCDutput of the CFA is

fee. into one of the c::anne!s of the data acquisition syster:.

~hrough a potential divi"cl: So tha-: the maximuminput voltage to

"the data acquisition system is less than 50 ro\'. Figure 5.10a

i
J

gives a schematic of the set-up used for alr gap peasu"e:;:er.t.

The experimental set-up fc,r ilir gap measurements showing t:,e

chill with inductive gauge ilnd CF."are shown in figures 5.10 to

and c.

5.5.3. Experimental procedure:

The freeze-on plate is r.:.veted tc one end of'the stainless steel

,,
i

;pin which is then inserted into the stainless stee! tube f1xed to

at its end is then fixed to the other end of

,
I
•

the

block

chill. The plunge~ c~ the inductive gauge with fibet"

central

•



,
"

r-~

:----l -
" I _J 0'

I '':;;,

I iei I
- ,• ;.• ,- ,

;; I,- I•,
i,

I
•

,,
I,,, ", 0

I
,
~w

'i

~

0 • 0

~, <

0

~

! 0

zw
Z

0'0
"

,
w

"
•

x

,
w

J

D cg
,
0

i: , 0

\ 0

\
c

l /
\
\

, I "

! I

,
;

-,
}

I ~,f,

•
115



,,
-~

~. MOLD ASSEMBLY.

1. Chjll arrang~ment for oir gll~ mell~urement.

C _DATA ACQUISITION SYSTEM

1 AID [on,erter 2 (h,ll as,emcly •. Carner frequency ampbf,er.

FfG.5.10 SET-UP FOR AIR GAP MEASUREMENT.
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Jss",,,bly fc:- receding cilsting interface ~::ud:es.

t!,e plung"'''' can be recorded during the movern"nt of the intcrtac,,_

,he ir.ciuc<;;::.vegauge is ,"ounted L:'lposltlcn ;me ~C1E,'~,',;~,~-" .:-: .

::~.e induct:ve gauge is adjusted such that adequat<l mev"ment of

~olten metal is then poured and the displacement datil 15 recorded

"long witr. ~:Je tilae temperature data.

5.6 CONFIR¥~TORY EXPERIMENTS •

T',.'Dsets of experiments are carried out to confirm 'that th" he"t

fl"" is one d:.:cer.sional in the present inves"tigation. ?he fir,;t

set of expe::.-i::-,entson the molten metal side cDnsists of draining

the liquid ;:IIe.~alfrom the mold in the receding castJ.ng interface

experiment and studying the liquid/solid interface. T~.e second.

set of exr:;e:::inents are aiJ:\edat finding t"e difference bet'.'een

the center and surface temperature of the chill in a piane pc:c-

pendicula:c ~o t_'le axis of the chill.

5.6.1.Draininq experiments:

The experiJ:\en~al set-up is the same as that used for the deter~i-

natien of h for the receding casting interface studies but ir.

this case, the thermocouples are not used. The di;-,ensions of the

casting are : casting height(L) 150 ~~, sprue height (Sj 100m;;,

and ingate size 46 mmx 30 rom. The green sand meld .with tc,e

asbestos lining is lifted away from the bottom, box one minute

is shown in figure 5.11 which shov;Sa plane front solidlfication.
••I

after end of pouring . The casting obtained in the case of LM 6

137



,~",r.ter"rod the other inserted to a depth of 2 m1';1fro1';1the sLlrf;lCe

chill

l:lsulatedThe surface of the ChIll is

~"e temper"ture'!> from the ther:nocouples an).
,s heated on " ho';; plate.

unidirectional.

~" cer"mic ..•.001.

-:alidates the assu::.p';;ion t::.at the heat flow 1.n the

Table 5.6. Draining experiments

5.6.2 Chill temperature studies:

,~~ experiments a~e qiven ~r ~"tlc 5.6.

:.18 cast iron chill with two thermccouples, onC i"serted ,,1: t::c

';;'';0 ne"sured tempel:"a-curesis found to be less than 3

j,_"lilr results "re cb-c"il1ed'.,rit:\ L.'l:.; alio'/_

,I ..,,,,a,::lredand the dif::erence is noted. The difference bet'"e,'" tCic

Alloy casting Spl:"Ue 1ng,,';;e Time for

hdght(L) height(S) size dr"ining

(=) (m.Cl) (romxrom) (~)

~," '" 100 " ," 00

LM " '" '00 " " " 00

5.7 REPEATABILITY STUDIES:

To check the repeatability of the values of q and h obt:ained in

these experiments, 7.:l:"ialsare carried out using a casting heigr.t

of 150 JUJU,sprue heig::t of 100 romand small ingate of size 18 mm

X 12 mmin the receding casting interface experiment. The results
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Dete=ination
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uSlng the measured
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The dct"ils 0; the radiographic ,,'ork aJ;"e given

~ay oe cons~dercd to be quite satisfuctcry.

s~rface temperatures Tc and Tm

:::-"'S'.:ltsof the experimer.ts in the form of

-'",:0" fc:= deve:Loping the filns.

~~.';;pe(;->;:i',eIyform an In'le:cse Heat conduction proble~

The .:Jr:Jccd"". f . . . .• ~~~ or the analYSlS lS glven In the next chapter.

~~t~ are a:1a1yzed for determining the value of h.

0: :he :1e"t flow rate q, interfacial heat transfer coef:icien: h

~.3 R."'\DIOS:t."'\PHICEXAMINATIOIl aF TEST CASTINGS'

~,pca:L :=a.diagraph is shown in figure 5.12 which gives 'Che loca-

~~c,. cf ->;::,ethermocouples at C and D.

E~pGsure':ime

t:.e -:;,.e=.acouples as this lS necessary fOJ;"computation of the

:-.:~e'tai ->;:age

:~.~:::,,':e:'.c:pingprocedure rec::;:;):;)endedby the film manufac::uJ;"er lS

r.." cas::ings are radiographed to :;)easure the exact locations of

. ,

.M." t.,e
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FIG.5.11 CASTING SURFACE AFTER ORAIN!NG.

F1G.5.12 TYPICAL RADIOGRAPH SHOWING THERMOCOUPLES.



CHAPTER 6

ANALYSIS OF EXPERIMENTAL DATA

6.1. INTRODUCTION

T~le determination of the heat flow rate per unit i1rea,
::I'.ecasting intCl the chill across the casting/mold inter:ace ~s a

:unction of time can be carr~ed out using the ~ime tC~Fer~~~rc

~ata obtai~ed from the experine~ts described in chapter 5.
o

-~ith q, t;,e values of the interface temperatures Tc and Tn c~,':::-.'0

casting a"d chill can be obtained. This value of q "long '~it"::.~c

serface tecperatures Tc a~d Tc can be used for c"lculatlng h

function of time. The determination of q "t the surf"ce

::emperiJ-tures measured inside •a body forms an .Inverse Heat C::-:-

duct ion Prcblen' (IEep). The inverse heat conduction prob18~ is

difficuft to solve owing'to the ill-posed nature of the Fr=~lc~

O"e of t"e satisfactol:"Y solution procedures availdble ~s -;:"e

l:o~linear Estimation Procedure proposed by Beck [3).
Dentatior. of this procedure for determining the value of " :1,".:0

~ence h in the present case is described in this ch"pter.

6.2 THE DIRECT AND THE INVERSE PROBLEMS

The direct problem in heat flow refers to the situation in o~~,,~

the boundary conditions in the form of temperatures or ~e~~

fluxes are known and the ~emperature distribution inside t~~ ~~dy

i~ to be obtained from the known initial and boundar:

tions. Analytical and numerical methods are aV<lil<lblefor sclv-

ing the p<l~ti<lldifferential equation 2.5 relating to ~he :Ol~ac~



.cossible ~:J attach a ser.sor "r.d measure the sur:ace t""'pcrat'.';cc

due te the dif::,cul~ic" ~n detc:,cu;1lnq

Hc'..-ever,the direct prob~e", I,~s ;:".~rt'!

For ex~mplc, L~ may r.cc CJ'":!1" act\;a~ loouCldary cond,itions.

:J'"~;;iC'''' sc.,:~s:actcrily.

:'''E',,!:~mer,':2i1, impediments

ac~~rat"ly due to the physical limitation imposedby the co~figu-

,-at-ion.

,'he IHe? en the other hand, inplies the e"t~mation' of t:-,l'

~urrace r.ea'C flux history or sur::"ce ter::perat'Jre hls;:ory 0: a
•tody give" one or ",ore measured tenperature ,hi'.'toriec; insl.de the

:~eat cor,c.".lctingbody. The '"ord "estimation' is used because 1n

~easuring ~~e internal temperatures, errOrS a.e always presen;: to

o;omeexte,,;:. Besides, the IHCPis an ill-posed problem and he~.ce

the heat ::lux cannot be calculated accurately. A comparison of

the direc~ anc the inverse heat conduction problee.s is sho'.m In

figure 6.~.

6.3. INVERSE HEAT CONDUCTION- AN ILL-POSED PROBLEM:

The sol\,;':;:;,.cnof a well posed problem should satisfy the cor.d~-

tions of existence, uniqueness and stability. The solutio:": of

the inverse heat conduction problem does not satisfy these candi-

t ion," and hence it is an ill-posed proble~. The IHCP 1S

difficul~ to solve analytically because the temperature "espcnse

at an in~erior location in a body due to a given stimulus at the

surface is both delayed and diminished 1n amplitude.

presence 0:: measurement e"rors further complicates the solution.

Measure~en':;:of temperatures at discrete locations and at disc.ete
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estimated at var~cus poi.nts of time i, maxim~zing the amount of

q

lr:c::mpletc infcrTIlat~on fer

Fer the one. di;;1enslonal IHCP, when discrete vall:e,; of

information im~lie5 small tiMe steps between qi vuIues. However,

~~e use of sma~l ti~e steps frequently introduces in~tabilities

'" the solution of ~he IHCP [3].
•

The direct p::-cble~suffers from inaccuracies in tCl8 ::leasure",ent

of boundary tempe::-ature5 or heat fluxes while the II:!CP poses a

difficult ana1y-::10a1 ?roblcrn. According to Beck [82] an ilCCU-

,ate and tractable sol';tioTI to the inverse problem '~'ould minimize

Deth the disadvar:~ages si~ultaneously'.

6.4 SOLUTION OF THE I~"VERSE HEJ\T CONDUCTION PROBLEM:

1':-.8 solutions a\'a:.lable for the inverse heat conc.ucticn prable",

I can be divided i~~~ t.o broad categories:

2. Statistical es~imatie~.

1. Exact sGl~tions and

6.4.1. Exaet solutions

'Ihe exact solutions are analytical procedures '"hich develop

expressions fer t~e beundary condition for a given te",perature

history in the cas~ing. Exact solutions were developed by sever-

al investigators [83,87, 105-108J. The analytical pl;"ocedures are,

however, limited [82J due to:



6.4.2. statistical estimation:

Inilbility ~o account for 'Jar- ".'

f j. Limitations of geome<t:ry.
,
J,

statistical estimation procedures solve ~',,, IHCP by r:tax:r:tlzlnq

(or minimizing) an objective f~~~'

tion ss is given as (86;:
•

'",nere

55 = objective function

n = number of sensOrS,

(6 . 1)

weighting constant
from the jth sensor

for the temperCicure .:.""""ure!O,,nts

nf= nur..ber of f1,;t'.:reJ:',easurements used

Y = meilsureC'.en':(K)

T = temperature (Y)

wo= the zeroth oreer regularization constant

n = number of parar:teters,
f3 = parameter (',.;;c:n2)

wl= the firs~ order regularization constant

putting 'w' =J
1 and ""0' wI= 0, a s'implified fonn of the objec-

tive function is o;:,t",i::ed which is the least square estimator

based on the minimi~ation cf :

•

t

(6.2)



r-1 ~ number ot future temperatures

I ~ ~r ~here m is ~ small integer

"

i
I,

of the objective function is used by seme ~n.:es<:lqator"

F(q)~ obJec'CivG runctlon

~r.is form

Tmea= experimentally measured value of T.

Test= estimated temperature obtained ~itn assumed q va~ue

- _._- -------------------------------

S6 J . •

The estlla"te for q can be a single discrete vahle a: aae"- 1c"'''-

:10n of the boundary at each point of ti::le.

sets of values is c<;llieda regularizal:ion method.

o":;herhand, q is defined as a polynomial function on the boun:::a"y

s~rface, then it is referred to as func~ion specification met~cc

[26]. Abrief literatc:"e sur:ey on the solution of tt:e IiiCf' lS

~iready presented in chapter 2.

6.5 SOLUTION PROCEDURE USED IN THE PRESENT WORK:

T:-.8 experimental data in the form of ti;"e temperature value~ at

• :cur locations, two in the casting and two in the ch~ll ar~

3~aly~ed for the determination of h by using the met~cd proposed

b..Beck '{o3] in the pres~nt study. The COnfiguration under analy-

sis is shown in figure 6.2. It is necessary to estimate q at the

surface s, with known temperature T2 at point P and known bound-

ary temperature T1 at the point Q. The analysis in the region P

t~ Q is a direct problem cut in the region S to P, the problem ~s

an inverse one. Beck's solution procedure consists in rninimlzing



function F(q; def~neC1by equation ".2 "rod ,,:w det"il,; ,)'

,;olut~on procedure "re glven below.

:) 6.5. 1 Statement at the problem

,
;<eferring to fig'lre 6.2, the heat flux q and the surface ::empcr:l-

':I.:,e TOat S have to be determined from the measured ::"~_pe"J.tur"

at x2. ,he boundary temperature '1 at Q (5 sp,,<;i:ied.

I
I•
•

solution ::;ust satisfy the one dimensional heat conduc::lc" c<lu'-'-

•

;;'I ~ po 3T ( 6 . , ),
k

:)x ~ "
6.5.2 ~ssumptions

are known.

The discre::i~ed values of temperature at time in::,,~,als

2. The heat fh:x acrosS the interface is constant during any "1:"1"

I

I
interval ",6 .where 66 is an integral mult~ple of

ll6 = TI\D.t

",t i.e. ,

~hcrc m is a s~all integer. and t;.., refe~ to the same

point of time, then the subscripts Mand n

relation:

are related by the

(6.5)

The relation between M,~ an~ the discreti~ation of the values of

q are shown in figure 6.3 [3]. This means that the regulariza-

tion method is used in the present case.
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~55umedtcha"::ct:,e same heat fl'~x q flo''''s during these (r-l) :Llture

( 6 , 6)

of

estimatingare used in

•

are used in estl",arir.g q. it ,s

-future temperatures'

That is,

location,

T~us i: r J.ntervals of ,c,8

~dtake into account the delayed te~peraturc response,
I:::rer~or

,,,tervals.

','.-,e;::-eqM~l is to be estimated.

•
The nonlinear estimation procedure deteTI:lines the v,,;ue 0: q

.hich mini",izes F(q) given in equation 6,2.

6. S. J Procedure

The initial temperature distribution in the chill and cast:ing ~s

obtained from the meas~red tenperatures and knownboundary ccnd~-

."-suitable initial value for q ("'1 cal/crn2.s) 1S d5SU::1ej

<l:lct '..•it:, t:,is value, the ter.-,perature distribution <It the end of

e<leh inter,'al,c,t for r number c: intervals is detennined using ~

sU;I.t<lble DULlerieal method like FDMor FEM. This, gives Tes:c (q;

at xl at all points of tiIT,e '~'here measured temper"tur8S are

available. q is increased by a small value O'qwhere 0' is a small

value ar,c. the new value of Test (q(l"'O') is determined. ~~~h

these values, . sensitivity coefficients' are calculated at eac:-.

iteration during the estimation. The sensitivity eoeffieie:lt ttJ

is defined as the first deriva~ive of a dependent variable, sue,,"

as temperature, with respect to an unknownparameter, such as a

IL '_"__



; q €q

(6.8)

... {6.7)

The sensitivity coefficient is deter-

,
~ (Tmea-Test) ~i

i=l
q =

each itera~ion in the estimation procedure.

:cc,,~ior. a:--.::if the properties of the l:',aterial vary with temper,,-

i,
.~C.1L~lux c:::7'ponent [82].

:,~,' ser.siti"/lty coefficients are detc=,ined for each thcnnccouplc

7~e assume:: value of q is corrected by uSLng the relat~on:

:",-8, the" ~l'.ese sensitivity coeffic'tents have to be ev"luated a~

,,
'".

:~" r:rQceG-~:'",is repeated with q (corrected) In place of q (old)

,he above procedure depends on the value of the sensitivity

(6.10)

(6.9)

q

;;q <0.005

q(corrected)= q(old)+ Vq

l.:r;::~l,

Ccefficie:-l::s r/>for arriving at the value of q. Higher value of ~

Is prefe::-:::-ed ~n IHep fer faster convergence of the value of

Nhich infl~e~ce it are discussed below.

"~ihl. The importance of sensitivity coefficients and the factors



, ,,',~,.', ',:",":''',' ",'
,,,',". ., '"""' ",'

fol-

If the sensor is located at a suitable distance from the

;
;,

i,
An txamination of the sensitivity coefficients reveals the

IOWi~9: 1 (see figure 6.2)
,-',

surface S where the heat flux is to be estimated, then the in-

crease in T2 at location P with a unit increase in q depends on:

1. Nearness of P to the surface S
2. The time interval over which q flows at the surface .

•
A decrease in the distance between the sensor location and the

surface results in an increase in ~- Increasing ~ by keeping a

sensor close to the interface has a limit since keeping sensors

in the .disturbed region' shown in figure 4.5b can result in

errors in the measured temperature values due to the absence of

one dimensional heat flow conditions.

An increase in the time interval over which q is estimated causes

an increase in ~. This time interval cannot be increased indefi-

nitely since this would lead to an averaged value of q over a

longer duration and this does not reflect the variation in q

satisfactorily. On the other hand, as explained earlier, the

effect of a change in q on the surface is felt at a later instant

of time at an interior location, and this delayed response de-

pends 'on the distance between the surface and the sensor loca-

tion. This problem can be solved by assuming that the same value

of q would be flo~g for a few (r-l} more intervals of

time (AG)
,

location.

and estimating the effect of this flow at an interior

In other words, q in the present interval can be

~ -- -~ -",",.-'.'~'---.--"."-----------.----------"



lIlg q using t!'le required number of future te:1lperilturcs.

chill side is solved using the known temperatures 'II and T2" 'I.

tlOn of q would be to select a Sensor location away from the

The calculat~ons are

the depth of the sensor from the surface at whie!":. t:I"per.os on"red

In the present study, the inverse heat conduction probl~m on t!":e

disturbed region and to use appropriate time steps for calculat-

6.6 IMPLEMENTATION IN THE PRESENT S~DY:

\
CSt:.mJ.LecOrCCurat"lY by taking - future temperatures' at an inte-

ricc lccat:.on. The number of future temperatu,es to be consla-

q flo~s. Hence a satisfactory procedure for the accurate estima-

is used as the known boundary condition.
performed using the explicit finite differences method. This

yields t~e value of heat flo~ rate q per unit area and also Tm,

the chill surface temperature. Using t~is es::imated value of q

and T4 as ::he boundary conditions, t~e temperature distribution

in the casting side is obtained by the explicit finite diffe~-

These calculations yield Tc' the casting sUrrace

Kno~ing g, Tc and Tm, h is calculated using the

,

ences method.

temperature.

equation:

h
q -

•
(6.11)

where g = heat flow rate per unit area of casting/mold interface

Tc = casting surface temperature and

TID = chill surface temperature.



i,
\Err the dete~ination of h in the presentThe flow char': studies

0'Comparison
temperature

in figure 6.4.
the calculated

;-oethod [J] is given
- I ,~epperature T3 w1th

1151ng Bec;.:',.

t:,C meas",red
,:he same location shows good agreement between the t'""ovalues.

The details of the procedure employed for the estimation of h arc

discussed i~ the following steps:

1. Defining the one dimensional grid for FDM calculations

2. Determining the initial temperature distribution

J. Determination of q and Tm on chill surface by Beck's methcd

PI

4. Determination of temperature distribution in the casting by

FDM using the value of g obtained in step 2.

5. Calculation of h

6.6.1. Grid for FDX calculations'

For the calculation of heat flow and te~perature distribution

using the explicit finite differences method, the one dinensicnal

grid shOwn in figure 6.5 is used. Fer calculations, a unit

cross-sectional area is considered. The distances between t~e

points A, B, interface, C and D i.e. ,xl, x2, x3 and >::4are divid-
\- ed into nl, n2,

In3 and n4 illtervals respectively. The nodes

numbered starting from 1 corresponding to the point A to Imax
corresponding to the point D and the node numbers at the points

of interest i.e., B, C and the chill interface i.e., IB, Ie anj

Ill1t are included in the figure. The values of x3 and x~ used

are those measured from the radiographs of the respective cast-

I
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Of liquid ;netal.

,
~his is to account for s~all changes in the LocaLions of

\

:;r.iO t:1er.:tocouples '.•hich arise during

9"""',8:-,,1 FD:-l program is written such that, desired values car.

be assigned to the numbers of nodes nl, n2, n3, n4 and distances

ployed in the regions closer to the casting/mold interface.
x2, x3, x4. Fine grid spacings to improve accuracy 15 e::t-

This

is necessary because rapid temperature changes occur in this

reglen at ~he start of solidificaLion. A typical set of values

for these variables is: •
•

"' ~, " ~ e.o em

0' ~, " ~ 3.3 me

00 "
, x' " " me

n~"
, x, " "= :1

6.6.2. Initial temperature distribution:

?~e teTIpe~ature readings T3 and ~~ in the casting are exarni~ed

fc~ deter.:tlningthe starting point of the calculations. This

ta~e~ as the time at which, the maximum temperature is reached by
The typical temperature values recorded l~ ant~c ~he~cc~uplcs.

e~~c,i~e~t for LM 24 alloy for a casting height of 100 mm,

heigh~ of ISO mm and ingate size 20x20 mm are given in

sprue

figure

6.6 and a portion of the temperature readings obtained

t,~ical experiment are given in Table 6.1. A linear variation

of temperat~e is assumed in the liquid metal and the chill for

calc~iatlng the initial temperature distribution. The nodal

te~peratures in the chill side are calculated using Tl and T2 by
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•

line"" 8xtr,,>,olacion and on the c:)s;:~ng $~de I.lslng ::eI:1peratures
i,

T] "nd T4" Tr.e initial t<2T:1perat-.lr" ',alues are obtil~ned :rom the,
measured '/alues of T1, T2, T., and T4 at the chosen ?OiClC or time

(t ~ a) for starting the calculatlons.

6.6.3. Determination ot q in the chill by Seck's method:

The mate,!,,1 properties of the chill used in the calc:.llations

are [109J:

_Density ~ 7100 Kq;mJ

Specific heat = O.465T + 543.66

•

(J/Kg K)

Thc=al conductivity = 3,14025 T + 5191.88 (W/::nK)

",-hereT is the te",perature of the chil-l in •C.

Using the initial temperature distribution on the chill side and

a startin,! vall:e of 1 Call cm2.s for q, the computer program is

run. 7~e sensi~ivity coefficients and corrections i:l q are

Ob1:ained wit~ t~is starting value using the procedure by Beck

[3] . q is estimated at intervals of one second with the te~pera-

t"re values avaIlable at interv"ls of 0.5 s. (m ~ 2) One set of

rut"re temperatures is used in the calculations i.e. ,r ~ 2. The

boundary temperature for the chill is obtained by linear interpo-

lation using measured v"lues "t the beginning and at the end of

the ti~e interv"l.

".

•
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The fDMcalc'-lla1:lons ilr" per~ormed llSlr.q -::i.mein"eriills

seconds which satlsf':es the 31:a"i11<:"/ c:::-i.te:cia :or the

rDMused Ln the calculatIons. ,~.e ["""ult,,:,t temperature

bution and the value of q arc used as starti~q values

<
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>r ~/2~
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'.ilstr:-
,

t:le

I
I
I.;
I

next cycle of calculiltions. 1'r.ese calculatIons a150 give the

value of Tm at the chill surface. The value of q ob1:ai:1ee by

solving the IHCP on chill side is given in figure 6.7.

6.6.4. Temperature distribution in the casting:
•

Using the value of q obtained frm,_ the calculations in t:he c:lill

side and knowing the ~o~ndary temperature '14' the heat conduction
problem in the casti.ng side is treatcd as a direct problcr:I and

solved using explici.t FDM. The casting properties used in the

calculations are given in Table 6.2 beloW.

Table 6.2.Themal property values used in the calculation of h

Alloys P , T
(X103) 1 • cf

CM , 2660 1045.5 161.1"1"15 ,CO on
[110]

C, " 2700 1045.5 125.61 48"1.294 6:<.5
[78,110J

AI-Li 2490 1045.5 108.862 393.108 652
[1l1,112,llJ]

520

645

-

* Units for r in
,

Kg/"'" , clnJ/KgK,k in W/m K and L in J/Kg
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•
r.iberation of latent heat L

,or the L'1 6 alloy, 'ehe liberation or 1,'<;:8n':iwat 1n the ci!sting

"" t",ken into account using the methed of Evers et ~l :li~]. I'c:

is a post-iterative ~ethod in which the latent heat of fusion ~s

canverted into an equivalent number of degrees 3T by di':1ding the,
I

latent heat of fusion L by the specific he~~ ",
After each time step, the tempera>:ure of ~he ;1oJes that fall

below the eutectic temperature dur:ng the calculations ace reset
•

to eutectic taro.perature and the drop in temperatures is recorded

lated for a particular node. When the accumulated drop at a node
till~the required number of degrees (aT = Lies) have been accUrnU-

equals Llcs' the temperature at that node is allowed to drop as

per FDMcalculations. Tnis procedure is '",eil suited for congru-
!

for each nede in a separate account. This procedure lS continued

cnt melting alloys li~e LM6.

T2"1eLM24 alloy na", a wide freezir.g range (615-520 'C ) "nd t""

method of Eyers et al [114j would no:: be aFpropriate to account

tor the liberation 0: latent heat. A more suitable ::lethod is the

enthalpy method [76j in which the heat flo'.' equa<::ion

modified as:

2.5 IS

= aH/'dt (6.12)

where H is the enthalpy. The value of temperature as a

of enthalpy is obtained by the equations:

162
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((i.13)

.....here T ~ calculated temperature

T, • solidus temperature

Tc • liquidus temperature
, ~ e:'lth"lpy

c, • specific heat 0' solid
0, • specific heat 0' liquid •
C • latent heat

The im-tial enthalpy at various points in ':;:e casting is deter-

",ined froIT. the known initial temperature dis::::-ibution and the

chang", in enthalpy is obtained from the abcve equations. This

gives the neW enthalpy value at the end of each temperature

measure~c~t inter~al. The temperatures at t~2 e~d of the interval

are obtai~e~ :ro~ the enth~lpy values.

The compu~e: program developed here for tte ~~esen~ calculacions
can use a non-linear relation -bet'"ee:l H ,,-nc:T by s'-lbstituting

appropriate relationships but in the prese~__:: '~'ork. a lInear

Fron the calculated value of

relationship was found to be adequate. This is secn by a oom-

parison of the calculated and measured te~per~tures at the po~nt

C (T)) which show a good agreement.

T
J

the value of the casting surface tenperature Tc lS also

obtained. Figure 6.7 shaws the measured te~~erature T2 in the

chill and the corresponding calcul~ted temperature at the same

location. The calcul~ted and measured v",l'~es cf TJ ).n the cast-



eng a::e als" included ~n t::1e :::'-gll::e. The t""',oerat:ure ".'alues

expi~cit !'OMusi"g the value a:' G ejeter::1,ined by

~olving the lHep an the chill side agrees ver/ clcsely ••ith -::"00

~cilsured te"'l"erature values, while the measured and Cillcula-::ed

:::er.,peratures in the casting agree reasotl"bly ;;ell as sncwn in

figure 6.7 tr.us validating the calculation procedure.

6.6.5. Calculation of h:

From a knowledge of the temperatures 1m and q ob"ained :::::0," step

2 and T
c
ol::;tained fro," step J, values of h can be obt"ined using

equation 6.11.,
The value of h obtained from a typical experi",ent ':'5 presented 1"

figure 6.8. The results from various experiments arC ,oresented

and discussed in the following chapter.
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CHJ\l?TEll. 7

RESULTS ~~ DISCUSSION

7.1.INTRODOCTION;

The variation of the inter:ac:ial heat transfer coef:icier,t h ,,~t:-:

cime ~n one dJ.r.,ension"l heat flO'.; obtained from the e"perlmants

carried out are presented i:> this chapter. The vallle~ of h 01:-

::al"ed by :-,easuring the aL' gap d::';:lensions are cO;;1pared '.'ic:::-:

The effectdiscussed in relaticn to the model.chill

those obtained fro~ calculations uSlng the experi~ental values ~:
•

'::e::1perature. The results of experiments with a smooth unCoilte'''-,

insulac::.ng coatings and chill roughness on the variati:OTI of l:

',;i"'h time are discussed qualitatively. A sensitiv'--ty analysis ":>

carried out to study the effect of changes in hI' hII,

und dh/dt on '::he changes in te~perature.

7.2 RESULTS:.

The results are present~d Ll'.the fCllc'.;~;-_::::
tion of h with ti~e.

chill are cbtained ••"hieh are analyzed for obta~[1ing the \'a:.-'-:o-

From the ex?eriments, time-te::>perature data from the castir.:::: 3~.::

.,
sequence.

1. Experime~ts with constant r.1etallostatic head

2. Experime~ts with a receding casting interface

]; Air gap I:'.easurements

The effect of the presence of alumina and fireclay cos~ings

tile chill surface on the variatic:1 of h With time and the ef:ect



~i~~time are also included.

7.2.1 consta~t metallostatic head arrangeQent,

7.2.1.1 uncoated smooth chill:

The variatior. of h with time for 1.:16 alloy for ':hree villues of

••

ousting heig~." (L) namely 100, 150 "r.d 200 :-.mfor an uncoated

",,"Dote, chill are presented 1n figure 7.:'. The results sr.o\>' that

in all the t.,ree cases, h n.ses to an '!:1itially hlgh value which
,

decreases rapidly and then remains constant for the :cemaining

duration of ,::,8 experiT:".ent.This const",:.,t ':al'~e of h increases

."lth lncrease in casting height in all these cases.

observations fer LM 24 alloy are presented 1:1fIgure 7.2.

7.2.1.2 coated smooth chill:

si:nlar

The vilriatlor. "f h with time fo::-Ul 5 alloy :cr e casti:1g height

of 200 mmwit~two types of coati~gs c~ ~he ~~i~l sur:ace namely

alumina (of thickness 0.46 mn ) a~d f~~eclal (of t~ickness 0.21,

mm) <:Irepresented in figure 7.J. T~e ,ar:at~on of h with time

for an uncca::ed smooth chill for t~.e sa:7e cas,::i~:; conditions is

shown i~ the flgure for comparison.

"lloy are prescnted in figure 7.4.

7.2.1.3 uncoated rough chill:.

si;::ilar results :0;': U1 24

The variaticn of h with time in the case ,,:, :"''1 6 alloy poured

againc;t an uncoated rough chill for a cas:i~,g helght of 200 ID:7.

is given ln figure 7.5. The results f"r an uncca::ed smooth chell
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•

:'cr the same casting c;ondL-:::cns l" ~"cl"ded in cr,LS

~c::.parison.

fic;ur'" cor

\
\

7.2.1.4 Aluminiuc-Lithium alloy:

~~coated smooth chill is given in figure 7.6.

ln..',
\.

",,,

ailoy for a casting height af 100 mOlsolidifYlng against an

'-,~,e variation of h ,••it:> ti"e in the case of alm"inium-lithiU!"1

7.2.2 Receding casting interface arrangement:
•

?esults of the expelCir.'.en':s ,lith a receding casting interf,,-ce are

~rescnted as follows: .'
•7.2.2.1 uncoated smooth chill:

!
I•

The effect of the three ingatce sizes 46 mIDK 30 mm (large). 20 ;urn

X 20 mID (medium) and 18 ;:Lrn x 12 !T,m(5;;1all) on the variation of h

""it1'. time for ill 6 alloy tor a C",,'Clngheight of 100 mI:, and

:.r.gate

The ':i"8 at

effect of a receding casting inter~ace within the duration of the

castings are poured with an ingate s:.ze of 18x12 mmto get tr.e

snail ingates res1Jec":C~vely. U lles outside coo limit G' CO"

• •
graph. Tho graphs follo;; G trend si:nilar C" that shown hy

line , io figure ~.1. " l:".entior.ed earlier, oU subseque"t

is shu.;n as tl, tm and ts in the fi"ure for the large, •..edium anc.

"dhich h st"rts decreasing, indicatinq the freezing of the

sprue height of 100 mm is presented :~ figure 7.7.

experiment.

with a receding castlng ir.terface ;nth a smooth uncoated _chJ.11

Results showing the var~ati"n of h ;.;ith time for the expeI"iments
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,

:'0"- 1:1 6 alloy for ,j ~pr'~e~eiqht of 150 mm"",:" ;;;,re"

"eight,;; lOO,~50, and :00 "',,",are shown in ;;lau:C8 ~.,~ "nd

c~stl"g

"Jsu:ts

fOT LM 24 alloy are s~o~n In [~gure 7.9. The ,,-,sui::,,

dlfferent sprue heigh<cs 50, 100 and 150 mm :lnu f"" a c:as~~ng

height of 200 ron:fer 1..'16 and LM24 alloys "re ~r",sented lTI

figures 7.10 and 7.11 respectively.

7.2.2.2 coated smooth chill:

The effect of fireclay ar.C:alumina coatings on the chill su:cface

on the variation of h '.•it" time for LM6 and L:1 24 ailoy custinc;,;

with a casting height of 150 m.",and sprue height of 100 mr.. -•.ittl

a small lng~te are presented in figures 7.12 and

tively.

7.2.2.3'Uncoated rough chill:

respec-

The variation a:' h '..;i,:.'" time for L116 alloy fer a cilsting

height of 150 mm and s;="e height of 100 mm using a =oug;, ur.coat-

ect chill is give~ in flqure 7.14. The varia~ion of h with time

for the corresponding case using a smooth uncoated ch::.ll is

included in the figure ~or comparison.

7.2.2.4 Aluminium-Lithi~ alloy:

The variation of h wi~h ti~e for aluminium-lithium alloy with a

casting height of 100 m~ and . -sprue heIght of 50 mm i, presented

in figure 7.15.
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7.2.3 Air gap measuremen~:

The variation of air 'F'F :::il'1e,'.s~onga;: ~,'le L:lter,,,ce and tr.8

variation in the calc"lated values of h 'J1th time obt:alneu L,cr..

the air gap dimcnsions for LH6 alloy in t1"'.8ca::;8 of expeJ:"iments

with a receding casting lnter:ace for a casting height of 150 mm,

sprue height of 100 mm and small ingate size are presented

.,
••

,

\

I ~
l
I

figure 7.16. The value of h obtained by sol,ing the
•

THe? i,;

lTIcluded In the figure for comparison ",ith the value of h ob-

tained from air gap me"surenents.

7.3 DISCUSS!ON:

The experimental resul::5 of the constant metallos'c:a"ic head

•

arrangement,

me,,-surcments

receding cast.ing interface arrangement and air gap

for the case of smooth uncoated chill are discussed

in this sect:ion. The :7,ocelceveloped in ch"p'Cer 4 is '-lsed for ex-

plaining the trends oc,served in the variation of h "",ith time 1;}

tr.C case of experiments ".'ith a constant r.,etallcstatic r.e"d. TCl8

effect of coatings a:-.dchill surface roughness on tr.e variation

of h with time are discussec qualitatively. The discussion of

these results is presen~ed in the following sequence;

1. General observations from experirne~tal results

,. Duration 0' stage ,. ",. value oC h io stage i, hi

,. Value of h io stage E. hn
5. Time foe eod oC stage n, 'n
h. dh/dt '" stage Hi

7. Air gap measurement

136
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7.3.1 Gener:l observations trom experimental ~esult9'

F!:O:7,the experiments carried out, d.-,"C)dl-e cO"Cdinedin "CC:C'for~,

of temperatures T1 and T2 from the Chlii and To 3nd T4 fro~ the

casting as a function of tlme. A st'Jdy of these te:::peratures

shows some commonfeatures and these arC d,iscussed here. In

"ddition tc these, features observed on the varlation of the

calculated values of the casting and mold s'~rfac9- telOperatures

T
c

and Tl'l respectively, heat flo'''; ra.e q a;1d intarfacial heat

transfer coe:ficient h are presented.

7.3.1.1 Variation in ohill temperatures T1 and ~2:

The temperatures T1 and T2 in the chill sho'w' a continuously

increasing value, T2 being higher than T1 s~nce T2 1S measured

at a point closer to the casting surface. 1;1tne initial stages,

the temperatures T1 and T2 show a kink a~,c ':.h~s 1S !:'.arkedas tl

"nd t2 respectively in the typical result shc',;n~:1 figure 6.6,

The early investigators [6, 40,41] associatad this kink to the

formation of an air gap.

In the model presented in chapter 4, it is ShO',;;1that a partial

a~r g~p always exists between the casting and mold surfaces due

to the presence of grooves on the TIold sur:ace. Hence these

kinks observed in T1 and '1'2must be asscciated with the rapid

changes ~n the size of the existing an gap rather than the

formation of a new air gap as proposed by t~e early investigators

[6,40,41]. The presence of a partial a~r 9a9 is demonstrated by

the work of prates and Biloni [52]. Hence, the tiF.le of occur-

----_ .._--------- - ---- _.--------
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J,

the mold surface temperature Tm"

A realis::ic est~"ation of the time of change ... air g"p size c"r.

be obtained from t;,e kink observed in the mold surface tempera-

.-
"

These observations point to the need for a closer look at

renGe of the k~nk in the temperatures T1 artd ,,~~n :'~gur<' ~.r,

ture.

depends on the dlstancc of the thermocouple :ro", ::r.B "rn:erfilee.

7.3.1.2 Variation in casting temperature" ':3 and T4'
•

The variation of T
J

and T4 with time represent typical cooling

The variat:on consists of ancurvas of the alloy under study.
initial steep rise in temperature followed by

fluctuations at

the high te~perature. This is followed by a rapid drop In

temperature due to loss of superheat with a reduced sloFe in the

case of 1112~ alloy or a constant temperature in the case of ill

6 alloY, associated with the liberation of late~;tcheat.
Finally

a drop in te::"per"ture associated with the cocling of ,he sclidi-

fied metal is obse::ved. The initial fluct:uatic:Js in these 1:.em-

It is observed

that the fluctuaticns are less severe in the ex;::erimentswith a

pouring of J;101tenmetal into the mold cav.:.ty.

pcr"tures can be associated with turbulence aris.:.ng due to the

receding casting interface comparedto these in the case of
This c"r. be

attributed to the absorption of the fluctuat.:.cns in pressure in

experiments with a constant mctallostatic head.

the two columns of liquid metal connected by the ingate
(figure

5,8) •
The temperature TJ is lOwerthan T4 and this l5 to be

expected since T] is measured at a point closer T.:Ctne interface



It is r-eported t:Jat the behilv~or oj tr.e ',nt""J'ilce COl.nthan T4,

1.3.1.3 variation in surface temper~tures ?c and T",'

The casting and mold sur-face temperatures Tc and Tmare obta~ned

from the FDMcalculations for the determination of q and h and a
150 mm ar,d

The cast~ng

•

for LJ'I24 alloy for I...~ 100 mm,5

ingate size 20 = x 20 mp is shown in figure 6.8 .

typical result

surface temperature Tc shows the same trend as a typicill cooling

curve of an alloy solidifying rapidly and this is to be expec;;:ed

since the heat extraction is rapid at the interJ'ace. The varia-

tion of T
c

with time also shows that liquid metal is present a.t

the interface during the initial stages.

The chill surface temperature TmshoWS sharp changes thereby

indicating changes in the rate of heat flo"" at the inter:':J.ce.

The kink obsetved in Tmis also sharp and well defined. In add>

tion to the kink shown in figure 6.8, Tp also shows sharp changes

in slope and t.,.,o such points are marked in the figure. It ca~.te

seen from the figure that every sharp change in T""is ilssoci?ted

with changes in the heat flow rate q and the inter:acial ~.e~t

transfer coefficient h.

1.3.1.4 variations in '1:

The heat flow rate per unit area '1, calculated by solvi~g the

,nlCP on the chill side using temperatures Tl and T2 shows a sharp

increase initially, followed by fluctuations. A tYPlCill gr~ph

showing the variation in '1 with time is given in figure 6.8. The



•

Fluct'.'''-

At the time of pcurinq

Subsequently, an increase in t~,e Si~8

tiel'S in q observed in the experimelits can be at':;ributed -:Co:

turbulence in the metal.

value of heat flow ratej unit area, q at the interface.

chill is alsO quite good [47]. This results In an initial

ately after pouring, the contact between the liquid metal and ehe
high temperature and the chill is at a low temperatur~.

the liquid :netal into the mold cavity, the molten metal is at d

\,value then falls rapidly and is followed by a slow and st:(>ac.y

decrease for ~he rest of the experlment.

These changes in q along wi~h t.~e

Marginal increase in the air gap size and In-

the heat flow behavior at the interface and hence its variation
edge of the variation of h with ti~e is adequate to unde~sta~~

further passage of time.

~e~perature contribute to the decrease in the value of q wi~~

changes in ~c and Tn are reflected ~n the changes in h.

significantly.

of the air gap at the i-nterface decreaseS the heat flow ra::e

crease in the chill temperature with decrease in the cas~lng

with time is studied.

7.3.1.5 Variation of h with time:

In the experiments with recec.ir.g

In some cases, the steady value of h 1S not 0;:)-ingate.

more or less linearly after sometime, around the freezing time of
interface arrangenent, the steady value of b starts decreas1ng

the

stant metallostatic head.

by an almost steady value in the case of experiments with co~-
high fluctuating value in the initial stages.

The variation in h with tine in the present experi~ents shows a
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sen1ed.

,
",
Fur'::;,er, 1n some experilllents, the v~lue at h i" found ~c

sho'''' wider scatter than tho,;.:! in other "xperi",,,nt,; and tius

scatter is always associated wlth small fluctuatlons en mea,;urcd

temperatures. The general trend in the varlatlon of h is dis-

c~ssed below in relation to the schematic varlatlOr. presented in

chapter 4.

?he variation of h with time in one di",ensional heat
•

presented in figure 4.1 and de5c~lbed in sectlon 4.2.

t10n of h with time is divided into 3 stages I, II and EI,

stage I lasting upta time t1 followed by stage II fro~ time tr to

This is followed by stage III. In stage I, h rises

from zero to a high value with fluctuations and this falls to a

Im,er value. In stage II, h rewa ins constant and in stage III

two kinds of variations are possible- (i) a decrease in h

t~mc assoc~ated with a receding casting surface from the ~old

surface (lir,e 1) in figure 4.1 and (il) an increase in h ,,"'i'::::

ti~e due to increase in contact pressure at the interface (line

3). A situation with nO distinct stage III as observed ln the
•experiments with constant metallostatic head is shown by line 2

in figur.::4.1. A situation having no d~stinct stage II lS lr,di-

eated by line 4 in this figure. These variations can be eX-

plained as follows:

When hot molten metal at temperatures well above the
. .~reezlng

temperature is poured into the mold cavity the metal ln contac'::

with the chill surface also remains at a temperature above ,the

solidification temperature [or a short duration as seen from the

~------- 6
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•

rupturlng,
The 1iquid

A low value of

pouring and

This is attributed

•and hence a higher value of h at a give~

skin that is formed at the interface.

(compared to the value at the :reezing te~perature)

and a low value of the advancing contact angle [116] ccm-

In a can ~e expected to affect the value of h similarly as show~

metallostatic pressure as seen from figure 4.78. The variatio~

profile

shown by equation 4.3

[115]

surface tension leads to a s~al1er radius of the liquid metal
pared tc the values at the freezing temperature.

metal at the high temperature has a low value of surface tension
of any cast:.ng

"typical resilts presented in figure 6.8.
the turbulence in the liquid metal during

,
,,,

\

In figure 4.7b.

In addition to this metallosta':ic

The preSence of turbulenCe causes fluctuations 1TI ~he

frOrr.zero at the start of pouring to the maximu~ cas~ing

mine.

turbulence and the value of this fraction is difficult to deter-

liquid :':letalstream. The head associated with pouring 1S only a
fraction of the height from which it is poured due to losses by

preo;sure acting on the casting/chill interface due to the fall'..:.;

height a~ the end of pouring.
head, the overall value of pressure at the interface includes tc~_e

head, the pressure head acting on the chill surface is the heigh~

to which liq'.lidmetal is poured in t:le mold cavity. This hei;ht

In the case of castings poured with a constant metallosta~ic

actual pressure at the casting/mold interface.

metal gradUally rises in the twa limbS of the mold cavity. The

In the case of experiments with a receding casting interface, the

----.----- --~---~ -_.



\,pressure of the li~id met~l in the spr~e along ~ith a fraction,
of the metallostatic head associated w~th pouri~q acts on the

\chill surface only after the llquid metal surface establishes

contact with the mold surface. Further, a part of the fluctua-

tions in pressure is dissipated away in the two columns of the
liquid metal and the net fluctuation at the casting/pold inter-

face is much lower in these eXFeriments.

During stage I in the constant petatlostatic head and receding
casting interface experiments, a stable liquid metal profile

cannot for~ adjacent to the chill surface since any skin th~t is
formed undergoes continuous defo~ation and rupturing due to

turbulence in the liquid metal. This condition of high turbu-

lence also helps to maintain the metal in a molten condition

adjacent to the chill surface. The presence of molten metal in

the initial stages of pouring is also borne out by the obsecva-
tions in the casting surface te~perature To as shown In figure

6 • 6 . The formation of a stable liquid metal profile adjacent to

the chill surface marks the end of stage I.

When pouring is stopped, the liquid metal surface forms a stable
profile, depending on the metallostatic pressure P and the othe"

like advancing contact angle ~, surface tension of thefactors
liquid metal c and mold surface profile. The metal surface

origini;lllyIn the liquid state, starts solidifying from the

asperity points On the mold and finally forms a fully solidified

skin. During this period, changes in the liquid metal profile

occur due to changes in c and Q.
In the case of the mold surface

'"
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conslsting of uniform v graoves, the liquid metal sur-face in the
I

groove is cylindrl-cal with a small radius (depending on <7at the

elevated tempe"ature ) in the lnitJ.al stages. Due to soLidifica-

tion starting at the asperities. there is a change ~n te~perature

along the surface of the liquid metal. There is a c~ange in

surface tension along the profile of the liquid metal associated

with the change in temperature. This results in a change in the

liquid metal profile from its original cylindrical shape.
•

When

freezing of the skin is completed, the surface tension at all

points on the surface would have attained the valUe correspond-

ing ~o that at the freezing te~perature and the surface once

again would become cylindrical but with a larger radius related

to the increased values of surface tension at the freezing

point. To accommodate this increase in radius, the surface of

the liquid metal lifts itself away fro~ the grooves maintaining

contact at the a5perities at all times.

actual mold profiles.

S~milar changes occur on

T",",5, it is clear that during s"'age I, i) there is a change in

the liquid metal profile due to variation in c and a with temper-

ature and iij changes in metallostatic head due to pouring and

turbulence. Though it is possible to calculate the continuous

variation in h due to variations in temperature and effective

head, it is difficult to incorporate the effect of turbulence in

estimating the value of h using the model. Usually, the entire

duration of this stage is quite small and a mean value of h

during this stage i.e.,hI can be calculated using the model by



SmalLin ~he inctia~ per~cd.
would not affect the computed

includes the effect of pouring he"d
I

errors in the estimated value of hI

uo;~ng the 'falues J and'" c:or::-es,?ondingto "re?resenta7;l"/e t"m-
,

perature and by using a\mean metallcstatic pre5s~re head which

values of temperature distribut.ion significantly si.nce tI is

quite small.

During, stage II, a constant pressure act.s on the chill surface

and no changes occur in the stable c~sting skin which fo~s the

casting surface profile. Thus a con'!>tantvalue of h exists in

stage II which can be obtained by using equation 4.1C of the

model developed i. chapter <. Toe value 0' 0 i. stage n, on

acts from time " '0 'n eo s:,cwn by lines ,an'", in figure

4.1. This value 0' b ca. be de-.:ermined using toe model by us~ng

appropriate values of a, a, P and groove profile pa~a~eters p and

a. tII 'is determined experimentally in the present case. This

c~n also be obtained by siJ'Julationby calculating t~e change in

contact pre~~ure or air gap fermed with time in an actual cas~-

ing.

In the experiments with a cons~ant metallostatic head, ~he geo~e-

try of the casting causes the liquid metal to apply a constant

pressure against the chill surface after pouring is completed.

TIle formation of a skin of solidified metal does not cause any

change in the contact pressure (neglecting frictional effects

between mold ~nd casting) resulting in a steady value of h.

In the experiments with a receding casting interface, the tenden-

Cj of the casting surf~ce tc mOVe away from the chill surface is



,
:,igh",r due to; the effect of gravity and this results lr. lo"",er

values of h in this case car..pa.ed to the values of h Hl the

,
constant me~allostatic head experlPents. The forces wr.ic~ oppose

the movement of the casting sur:ace are the metallost~t~c head

due to the sprue height S and t~e friction between the casting

and lateral surfaces of the nold. When the ingate freezes,

metalIastatic head due tc the spruE! is not transmitted to the

casting resulting in a reduct~o~ in the contact pressure at the

interface resulting in a decrease in the values of h. I~ this

caSE!, it is also possible for the casting surface at the inter-

face to remain in a partially molten condition, when the ~ove~ent

o~ the casting surface away frc~ the chill surface begins. such

a situation does not have a dis~inct stage II in the variation of

h with time. When the ",asting surface containing incorr,pletely

solidified skin recedes from t~e chill surface, there 1S a theo-

retical possibility for the re~eating of the skin and associated

cr.anges in the casting surface profile. The situation

directly from stage I to stage III. Even in stage I, a stable

skin might not have formed and such a situation is shown by line

, in figure 4.1.

\;hen no change in pressure occurs on the surface of the chill,

~here 1s no distinct stage III (as shown by line 2 in figure 4.1)

but if the casting geometry is such as to cause an increase ln

the contact pressure, as in the case of castings solidifying

a:cound cores, the value of h 1ncreases as shown by line in

~igure 4.1. According to Sun [36] the variation of h with time



other

repre-be

the

Friction be-

can

from the chill

The dimensions of

a cor",

This decrease in h ~s

4.19)

These changes result in the movement of

contraction of the length of the casting and this

Qf castings solidifyi:lg lar';mnd

linear r",lationship (equ6tion
a move~ent of the casting surface away

between these surfaces and in the present set' of experiments,

th:,-swould prevent an increase in the size of the air gap at the

tween the casting and mold walls prevents the relative movement
~he casting surface away fran the chill surface.
solid state contraction.

~he cast metal changes due to liquid-liquid contraction due to

loss of superheat, volu~etric contra~tion due to phase change and

t~e casting and mold as mentioned earlier.

contraction is opposed by friction between the lateral surface of

s<.:rfacecauses a decrease in h (line 1).

caused by

~n the case

hand,

sented as a

from the present results

Thus the net air gap size is a eom-

t:~e decrease in h with tipe in stage III can be treated as

of experiments with a receding casting interface, it is seen t~at

bi~e~ result of the change in casting volume and the friction

te~~een the casting and mold surfaces.

east:,-ng/chill interface.

linear.

Acco~ding to HO and Pehlke,
[35,47] lateral contraction of the

In the p~esent case however, the lateral contrac-

(in a direction in the plane of the chill surface)

prof:,-les match reasonably well after complete solidification of

~.ecrease in h.
t~on was observed to be negligible since the mold and casting

chanSe from conforming to nonconforming and this results in a

casting
cause the nature of contact at the asperities on the interface to

'"
•



,,
the cO!5clng (figure 4.13). 5i",11al:" re5u1ts

~!orales et a1 [27J. In castlngs with a large

were obsec/ed

surface area, the

large contraction stresses cause shrinking 6£ the casti~g lTI the

plane of the interface with the resultant change in the contact

pattern at the interface from the conforning type to the noncon-

fo=ing type.

7.3.2.Duration of stage I, tI:

•
Stage I lasts from the time of pouring the metal tlll a stable

casting skin is fo=.ed adjacent to the chill surface. In the
foundcase 0: experiments with constant metallostatic head tr is

to vary within a narrOw range from 35 to 50 seconds for both L.~6

a~d h~ 24 alloys using chills with and without coatings. Hence a

",ean value of 46 seconds with a standard deviation of 9 seconds

can be '.:5<?-das 8 representative value of tI.

~i alloy, tI ~s found to be higher.

In the case of Al-

secon,;s.

I::expecirnents with a receding casting interface,. tI is found tel

vaCl :ccrn50 to 80 seconds and a representative value for both U1

6 a::d~~ 24 alloys is 67 seconds with a standard ceviation of 11

For the Al-Li alloys, the value of tr falls within the

58",era~.'ieas that of LM 6 and LM 24 alloys.

7.3.3. Value of h in-stage I:

The value of h in stage I, hI obtained from the experiments with

consta::t rnetallostatic head are given in figure 7.17 for LM 6
•

a~loy and in figure 7.18 for L~24 alloy. Along with the exper~-

•
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ment"l v"lues, the

calculations using

varlation of h '.nth ?rcssu::e

t~e model are also included In

,,
',obtaJ,.nea by

\the figure.

The value of h in stage I for a casting helght of i500 mm was

found to be 1910 \'I/m2r: for LM6 alloy and 2J07 w/m
2

K fer L.'1 24

alloy. The values of the material properties and the groove
para::leter values used in these calculations for the t'••c alloys

are given below in Table 7.1. The v"lues of these groove parame-

ten; are obtained from the calculations for the value of h in

•stage II.

Table 7.1 paraneters used for the calculation
of hI using the model

Alloys

Parameters LM , LM "
0 153 • 154 •

0 (111m) C.O 0.795

hrni;lx (W/:::2 " 1910 2307

a(mm) 0.' '-', ". no

k (W/m K ) 0.0241 0.0241

In these calculations, the head of metal associated with pouring

is taken as 20 m:n:or t:>e two alloys while the actual height of

pouring was around 40 mrnmore'than the casting height (i.e.

of metal due to pcuring '••as assumed to be 50% ).

loss

In the case of experiments with a receding casting interface, the

value of hI is found ;:0 be affected by the casting height in

--~--~~~~-~~~~~~-
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,The mean vaoue of h

'1'
i
i

addition to 't::e sprue ~eight. This can be

higher temperature or the molten netal ~lth

ing volume In the case of longer castings.

\
"

, ,
at':rlbutef

th", :ncredsed

the

c"st-

in stage I is found to increase by ]00 101/",2 K for an 1ncrease of

casting height from 100 rom 'to 200 mmin the case of U1 6 alloy

and about 500 w/m2Kin the case of LM24 alloy for an increase of

casting height from 100 ron to 200 Mm.

7.3.4. Value of h in stage II: •

The value of pressure acting at the casting/mold interface in

stage II ~s deterrn:~ed only by the ~ctallostatic head H.

castings with constant ~etallostatic head, this is represented by

the casting height L. In the experiments with receding casting

interface, the value oi h is determined by the metallostatic head

represented by the ;.e~ght of the sprue S. The value of h in

stage II fro~ t:.eexperi~ents with constant rnetalloscatic head

are given in figure 7.17 to!;" LM 6 alloy and figure 7.18 for LM 24

alloy. The value of h for a casting height of 500 rom was 01:-

cained experimentally as 1710 and 1908 w;rn2 K for LM 6 and LM 24

alloys respectively. The results showing higher h for LM 24

illIe:, are in agreer.;e:-,twith the results of Srinivasan et al [71
;,'he found that tf of L'l6 alloy casting is higher than that of

ril- 4.5 % eu alloy castings. The variation of h calculated by

using the model gives a satisfactory fit when a is 0.2 rom and p

is chosen as 38' The mazimum deviation between the values of h

obtained USing the ~odel and the experimental values is 10% for

LM 6 alloy. A linear regression line was also fitted USing the



experil:lental data of hIr and the ::tetallOS1:il1:lChead H.

~inear regresslon equiltion for L~ 5 alloy is:

h = 2.898 H ~ 301.271

,
,1:: e I

I

and this does not give a fit ilS close as that obtained from the

!:".odel(as seen from figure 7.17). The corresponding results from

the model in the case of 1..'124 alloy also gives a bette!" fit with

the experimental v"lues co"'pared to the linear regresSIon re-

suIts. The regression equation for 1..'1~4 alloy is:

h = 3.3 H ~ 302.813

Thus, In both the cases, the model gives a better fit with exper-

il:lental values. Howeve., this deviation in h would not affect

the calculated temperature values significantly as seen from the

sensitivity analysis presentee in section 7.9.

The values of the :late!"~al p!"opcrtles and hmaxused for the two

'caseS are glven in Table 7.2.

:::n the case of experiments with a receding casting interface, h

1S affected by the length of the casting L in addition to the

met"llostatic head which is given by the sprue height S. 1n-

crease in casting heigh~ L gives a higher value of h.

The measured values of "and {3for the smooth chill from the

chill roughness profiles are given below and it can be Seen that

the values used in the calculations are within the

measured values.

range of

---~. ~~.~~-~----~--- e



i'arnmct:ers RanqeM :ueilsured .~',,,lucsllsed C"
values c"lculat~on.

a(mJ:l) 0.05 0.:25 0.2

tJ(') " " CO

" ( 0 ) 100 no 170-172

Table 7.2 parameters used for the calculation of hII
using the model

Alloys •
Parameters 10M " 10M "

" 170. 17r

0 (Nj1a) 0.84 0.855

hmax(Wjm2 K) 1700 1900

a (rnrn) 00' U, ,"0 '" 0, (Wjm K) 0.0241 0.0241

7.3.5 Time for end of stage II, tn:

In the experiments with constant Metallostatic head,

does not occur within the duration of the experiment.

stage III

In the

case of experiments with a receding casting interface, two types

of variations in hare seen- (i) A variation showing 3 distinct

stages I, II and III with tr and tn showing end .of stage I and

stage II respectively; (ii) The second type of variation is

represented by line 4 in figure 4.1 In which the behavior

chi:lTIges from stage r to stage III directly without a distinct

stage II. Longer casting heights with considerable volume of

205
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metal shew this trend.

f•
I,

seen, this

In ~he cases wnere a disLi~c~ scaae LI is

.s found to be related :0 ~he ~reezinq time of the

ingate anc occurs around 75 seconds for small ingates. Cilstings

seconds.

with the ~edium ingate show a freezing time of approximately 235

Castings with a large ingate show a value of tIL much
larger than JOO seconds and the experimental result is similar to

that of the constant metallostatie heac experiment wit:hin the

duration of the experiment.

7.3.6 dh/dt in stage III:

•

In all castings with a receding castir.g interface, a distinc~

stage III within the duration of the experir.:en:: is seen and h is

seen to decrease linearly with time in this stage within the

duration of the experiment. The value of the slope of this line

i.e., -dh/dt is found to be affec-:.eolby cas;:ing height L and the

sprue height s.

The contraction of the casting ee"ends on its length, longer

ca.stings having a. higher amount of contraction. The actual

extent of contraction also depenes on the solieification contrac-

tion of the type of alloy used. T~is ccnt"action causes the

receding of the casting surface ~rom-:.hechill surface as de-

scribed earlier.

The effect of sprue height is to increase the metallostatic

pressure and hence the val~e of h in t~e initial stages of cast-

~ng solidification. A high value af h inplies faster heat eX-

traction a.nd hence a faster decre"se in the length of the casting

--_._---- -
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L due to cont=action. This meanS that: dh/dt also lTICreaS"'" ""'lth

increase ir. the sprue height S. Depending Cln ':.he initial '/illue

of hand ::he subsequent value of dh/dt, the l~r.es shcw~r.g ::he

variation of h with time for t'.;o castings maycrosS over under

suitable conditions i.e., the casting with a high initial value
of h may have a very low value in the later stages as observed in

figures 7.7, 7.9 and 7.10. The movement of the cas:::ing is hin-

derect by fr:,-ction between the casting and the chill surfaces as

described earlier. The effect of friction ce:mot be determined

accurately since its variation is not always predictable. In the

case of L'l (; alloy for a sprue height of 150 ::tm, with a 5,,,,,11

ingate, the value of -dh/cit is 2.65 w/m2K.S for a casting height

of 200 =, 0.16 w/m2K.s for a casting height of 150 mm and

almost zero for a casting height of 100 mIn. The corresponding

results for the same configuration with Dl Z~ alley are 4.]6, ].5

and 1.74 w/n2 K.s for casting heights of ZOO,150 and 100 rom

respectively.

From the acove discussion, it is seen that a number of factors

influence the value of h _in stages I and II an"- the value of

dh/dt in stage III.

7.3.7 Air gap measurements:

The variation of air gap size and the valu,", of h obtained using

the alr gap size-are presented in figure 7.16. The variation of

h with time obtained from the solution of the inverse heat con-

duction problem and from the air gap measurements agree reasona-
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bly well C::Jn5ider~ng t.'le -""rlability in h.

between the t •••.o '/a1\.1."'o; of h Can be attributeG C:c,

I. Neglecting t:.e oXl.de and other films on ';:he casti:1g and "".old

surfaces in the calculation of h using air gap. lil In the ~ater

stages, effects like a change in the thermal conductivity af ~he

gases in the gap and oxide film with temperature are neglected

and this can ac"ount for the deviation bet',;een the ::wovalues.

1.~ Effect of insulating mold coats.

The effect of insulating r::old coats is to reduce the valUe 01' h.

The reduction in h is due to the insulating nab':l:"e of the c:o,":lng

material and the extent of reduction in h depends on the thick-

ness and the thermal conductivity of the coat::1g at the elevated

temperature. Further, the coatings are porous in nature and this

"lters their effective thickness and thermal conductivity, ::enru

[9] found that si.lica 1:101dceats increase the freezing ;:ir.e and

there is an opti"m::l coating thickness for whic;, the freezing ,"ille

is maximum. Fle::lings et 211[92] showed that coatings affect t~,e

heat transfer rate initially but do not pre':er.t ;:he subseC;L:ent

rapid heat extraction.

In the present studies also, the value of b is feund te be 10'.'er

than the corresponding uncoated chills in both constant J:letallo-

static heLld expe,iments (as shown in figures 7.] fa, ill 6 and 7.4

for LM 2~) and in ,ecedin<; interf<lce experi:::ents (as shQl.;r: In

figures 7.13 for LM 6 and 7.14 for LM 24). It is also seen that
•

the coating thickness of 0.46 mrnof alumina and 0.24 mmof fi,e-

'"
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IClay causes e rnarglnal dec~ease in h.

and Fleminqs et al l~~;.

The ""lue of h ",ith 0.24 mIDfireclay coating is only rnarglnaLy

higher than that ",ith 0.46 llIIDof alumina coatIng in the case of

c"stings poured with constant ;::ctallost"tic head. Wieha recej-

ing interface experiment, the differences in the h value be-C""-een

alumina and fireclay coatings is more prominent This can be

attributed ':0 the larger difference" in the thermal conduct~\"ic:!"

values between alumina and fireclay [lOg] at the lower c~~ll

surface te~perature

casting interface.

in the case of experiments with a recedi~.g

Another ll"port"nt effect of the ",cld coa:cs ~s

that they give a smoother su~face finish to the

can be attributed to the fact that while applying the coac:ing,

the powdery material fills the valleys on the ::lold surface a~.d

presents a smoother surface on the mold. This would also res~lt

in a smoother surface finish of the castings.

estimation cf the effect of :moldcoats on h is not undercaken 1<,

this work.

7.5 Effect of chill roughness

It is generally recognized that the case of a rough chill results

~n a lower value of h compared to that with a smooth c~:~l

[52,27] . The present model developed alsO shows t~at s~r:acs

roughness influences h and that for heat transfer calculat:ons,

thG roughness is characterized by the two parameters a and p and
•

that a single measure of roughness like the RMSvalue cannot be

sFltisfactorily used explain the variation of ""i':.h

---~~- .. _.._ .. -- _.
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Senerally, the seml.-apex angle rJ Eails wl.thin a n~",:>,.;

range
I

for llIachined surfacE'" preduced br conventional ClJ~::~~.S

taols wit~ standard geomet~l of cut~ing edge. Hence, £0:-

these standard grooves, h is affec<;:ed by the value of a alone.

Increase 1n " results in a deer-ease in h as seen from ~"e

results ]."figure 4.7 d. The results obtained In the !,,,esent

experiments also show a t"e~d as expected i.e., h deceases ~i~h
lnCrease in roughness. Quan~itati¥e estimation of change in h

with change in roughness parame~ars is not undertaken as t~:s
is not within the scope of the present work.

7.6 Aluminium- lithium alloy:

The variation of h with time for the AI-Li alloy are prese,..,:,,::

In figures and 7.15 for constant metallostatic head a~j

receding casting interface ar~ange~ent respectively.

stant r.1etallostatic head experir:Ientshows that the values c: h
are much higher for the AI-Li alloy than the corresponding _aluas

for LM 6 and LM 24 alloys. This high value of h can be attriz;.::c-

ad to the very low surface tension (0.56 N/m) of this all~y

[115J.

resul ts

As seen from the results in figure 4.7 8, decrease '- CJ

in a higher value of h due to the lower radius of t~.e

liquid metal profile in the groove resulting in reduced air gap

width.

ment,

In contrast to the constant metallostatic head arrange-

the value of h in the receding interface arrangeme"t is

much lower for this alloy and falls within the same range as ~~ 6

and LM 24 alloys.
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Valida~ion of the results:,

I
the ~re5ent study, the ~odel developed for es~im"t 109 the

v"lues of p in steady stat,< one ohmer.slanal heat flo,", for 000-

stant met"'1105t"t1c head experiments, is found to give values

which agree satisfactorily with the experi;ental values. ThlS is

to be expec~ed since the variables affecting the valUe of h have
been incQr;crated in the model. On the other h'lnd, the nU::lherof

variables ~hich affect the variation of h with time in the case
•of receding casting interface experiments are more and to ~ncor-

porate these variables whiCh vary with time, a mOre elaborate,
dynamic mocel is needed. The. development of such a model is ncr:

within the scope of this work. In the present case, the repre-
sentative ,a lues for the variation of h with time in receding
casting in~erface experi~ents have been obtained and these valces

have been ob~ained for validating the experimental results. The

values of h ~btaincd from the model are validated by the ex~er:-
mental resu~~s of constant metallosta~ic head arrangement.

7.7.~ Vali~ation of experimental results using representative
values of h:

The variation in the value of h ,,;ithtime 1S obtained trom the
various. experiments using Beck's non-linear estimation proce-
dure [3]. The values of h obtained in receding casting interface
experiments are found to give a very close match between experi-
mental and calCUlated values (obtained by FDM). For these calcu-
lations, the bOUndary con~itions and the initial temperature
distribution are maintained at the same values as that used for
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this vat"iat.l.onof h ...•ith time can be
rept"esented by values of hI' hII. tr, tIl and dhjdt. Using these

,
representative ~alues, the ti.me temperature distJ;"ibutienobtained

ft"emthese calculations in the casting and the chill are given in
figure 7.19 for LM 6 alloy and in figure 7.20 for LM 24 alloy.
These calculations are perfo~ed for the case of L _ 200 ~m,

s_ 150 :::...",using a small ingate fOJ;"L.'l6 alloy and for L ~ 100 r.'.n

and S - 150 nm with a small ingat~ fer L'l24 alloy.

From these results, it is seen that the agreement on the chill
side 1.s excellent and on the casting side, the agreement lS
satisfactory considering the fact that factors like turbulence,
variation of properties with tenperature etc.

considered in the calculations.
have not been

7.7.2 Validation of the results from the model for constant

metallostatic head arrangement:

The model has been used to calculate the values of hI and hlr for
the experiments for the constant rnetallostatic head. These
values are used fat" calculating the tcmpet"ature distributic~ i~

the case of both the alloys. The calculated and measured te~per-
atures in the casting and chill for LM 6 illloy is shown in
figure 7.21 and for LM 24 alloy in figure 7.22. From these
results, it is seen that the values obtained using the model are

quite satisfactory for predicting the value of b in the case of

constant metallostatic head experiments.
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7.8 Causes for the variation in the 'ralues of h: ,,
I

?:-:e exp"""lt:'.e:lti!ll'{ measured -,aL185 of h under :.der.~ical experi-

mental conditions shows a v"riation of les5 than However,

In some experiments though h shows a definite Clean value Or

definite trend, scatter is observed around the experimental

value. The causes for the variation in the val~es of hare

discussed below.

7.8.1 Experimental disturbances: •

one of the experimental causes for the fluctuations in b IS the

turbulence during pouring and this h"s been discussed In the

experiments, the electrical noise affects the therr.,ocouple read-
earlier secticn. Another important observation is that in some

•

ing5 giving rise to slight fluctuations in the teDpe:,ature values

and whenever th:s cc~dition occurs the value of h shews a greater

sCiltter.

7.8.2 Physical causes:

Variaticn in h can cccur due to the change in the equivalent air

gap thlckness Yf along various locations on the casting/mold

interface. This variation is possible since the thickness of

oxide and other adhere~t films at all points on the casting and

mold surfaces cannot be expected to remain constant.

A seccnd Ciluse for the variation in the value of h is the change

In the back pressure Ps+P.J• This can occur if there are block-

ages for the flow of gases in the grooves. Local regions In the
•

- --- -- -----.-
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grocves may have ctif:erent values "' ':he oack pressure and 'i ':his
1',av",\can lead '" var~at~on '0 O. fur-::hcr, the grooves ",;TIle;";. ::.een

,
,i
"

"ssu:Jed to 1:;emade up cf unifcJ;m 'v grooves or cODbinatlC:1S of

uniform V grooves may have complic"ted profiles "nd this may

affect the variation of h with pressure P to a certain extent.

Finally, changes in sur:'"ce tension due to the presence of sur- •

filee conta",inants can cause changes in the values of h to a

limited extent.
•

7;9 Sensitivity Analysis:

A sensitivity analysis is ?erformed to determine the variation in

the calculated temperat'-lre with a change in the valUe of h for

amount of tClis va::eiation occurs only in stage I due to the tu.::bu-

LM24. From these experiments, it is seen that the overall v"lue

i.:he receding interface arrangement for the two alloys, ill 6 and
•

A largethe variat.:.o:,. is more than a factor of 2.experiments,

of h vary over more 'than one order of magnitude and in individual

lence and it is ;:ec"::'.me:,.eiedthat these fluctuations are St:100;:-

hcned out by taking the meanvalue of h in this stage. If this

fact is taken intc account, then it is observed that the maximut:1

variation is less tha~ a factor of 2. Hence, the sensitivity

•analysis is carried out in all cases with a factor of 2 and one

exal:',ple is provided for each of the alloys ill 6 "nd LM24. The

change in the calculateci temperatures with a doubling of hI' tI,

hIT' tIl and dh/dt in the case of constant and receding interface

arrangement for L'16 anei 1..':24 alloys are given in Table 7.1.

These changes are calculated corresponding to the temperatures T2
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and 1'3 in the c"n~lilnd the cast~ng respec~iveLy at lOO, 200

]00 seconds.

The calculated te"'perature val:.:es in the casting and chlll

"
,
00'

I
,

m

found to be sensitive to hE and dhjdt in the case of both the

alloys. Variations in hI' tr and trr do not affect the tempel:"a~

ture distribution significantly. The freezing tl~e tf is af-

fected by changes in hI in the case of L..'l6 and LJ12~ alloys. In

the case of Ul 24 "Eoy, it is fou'1d that changes

dh/dt also affect t~,e freezing time signi;"icantly ""d that

changes in trr affect t'ce freezing time marginally. These results

are to b(? expected in t~is case since tf for L.."I24 alloy l.S more

than the duration of stage I.

,
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,
b. Alloy L,'l24

[Receding casting intertace exp~. ,small :ng~Le. ~~coo m~,S~150~rnl

Standard
v"lues*

hI = 1919

tr = 50

hrr = 1340

trr = 50

dh/dt = 1.74

Freezing
time
tf,s

Casting
Temperatures T] at
100s 2005 300s

( •C)

512

•

Chill
Temperatures T3 at
laOs 200s JOOs

( < C)

hI = 3838

,tr= 100

hn= 2680
'"

532

5ll

512

49~

492

491 306

dh/de =J.48 189

* Units for h is

53]

,
wI::! K, t

517

is sand dh/dt ~e



CHAPTER B .,
CONCLUSIONS

From the results of the calculations using the nodei to determine

tl'.e value of h in steady state unidirectional heat flow, the

follo".•ing conclusions can be drawn.

~. A satisfactorf model for obtalning the ::-teanvalue of h in

stage I (hI) and the value of h ~n st-age n (hn) at the

is alsc presented.

state or.e dimensional heat flow. An analytical method fo~

evaluating h for geometrically regula::: grooves, grooves if'.

parallel, grooves in series and random combina~ion of grooves

I,
,
~,,,
l

interface is developed fo~ the case of steady
mold/metal

The model shows that the heat flow ac:::css the casting/mold

inte:::face depends on the topography of tl'.8 ::,old surface and

"''',,,
at least two parameters are necessary for reooresenting the

In the mode,-surface topography for heat flow predictions.

developed in the present study fer "arallel,
uniform V

grooves, the surface is characterized by the semi-apex angle

fJ and the half mouth width of the greove a fa:: precicting

heat flow across the interface.

3. For a mold surface containing parallel uniform V grOOVeS,the

parameters which influance the value of hare,
the half

mouth width of the grocve 4, semi-apex ,!ngle of the groove fJ,

surface tension of the liquid metal (J.
advancing contact

angle "', net mctallostatic pressure P, therl"al conductivity k

•
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of air 'c '::::e inl:erface '0' m '" eql.ll'Jalenl: c oC oXlde
,

'"" other films " CO. interf"ce. ,,
c " lncreases -"ith (, I decrease in , (1i) inc::ease in ,(iii)

decrease ,n 0 (i v) decrease io ,,nd ("I Hlcrease in ,.
3. The interfacial heat transfer coefficient nas a low value at

low pressures. Above a critical pressure dete~i~ed by the

groove ccnfiguration, b rises steeply "nd the" with further
•

increase in pressure, reaches a steady value deterTIined by

i.e., h,l, :P '",he:lthe value of b is calculated using "themodel

The mold s~rface profile Can be satisfacl:oriiy represented by

in series or in parallel and (ii) a fracl:al surface.

."

(i) a randomco:obination of uniform v groovestreating it as

The varia"ticn of h with P shows a square roo:: relationship

c .

c.

for a frac"tal surface whenthe r"nge of p::cess..:re5e::"ployedis

large ],..e. from 1 X 10 5 to 100 X 10 5 Pa.

From':he expe::il:lental results and the model of the ;;rese"t st'~dy,

"the following conclusions can be dr"w~.

,. The gene,al variation of h with time in unidirectional heat
ii
ji

flow shows three distinct stages- I, II and III. Stage I
shows a high fluctuating value, stage II shcws a steady value

and stage III shows a decrease in h with ti::te. Specific

cases n'ay show absence of stage III as in t~e case of con- I,

22 J.
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stant ,-,etallost'H:':'C heCld experi;;:ents or absence a~ "t:.lq" :1

as in so;;:eexperiments ~ith receding casting Lnter~ace. ,
;i

"'. The experimental ;;:ethad developed in the p"csen<c ''''cr~ 15

satisfactory for the detennlnation of h in the eelSe ot con-

stant ffietallostatic head and receding casting interface

arrangement for unidirectional heat flow.

10. Beck's non-linear estlrnation procedure is a satisfac'::>ry

solution for dete=ining the value of h f::orn the tem,:lerature•

future tenperatures is found to be satisfactory.

The variation of h with change in metallostatic

seconds for ter..perat\.lre measurements,l second for the
i
J

I
\
i•

I
deter-

of 0 • .5

head

For the

flow rate q and the use of one

obtained in the present experiments.

experimental conditions used here, a time interval
measurements

min"tion of heat

11.
satisfactorily explained by the model for stages I and ~I.

The experimental results validate the model developed i~ ~he

present study.

12. The model developed in the present work gives a better fit

between the value of h and the metallostatic head. com",,;,-ed ,
to the linear regressiOn values. However, consider:ng ~he

sensitivity studies, the linear regression results are satis-

factory.

13. The variation of h with time is affected by casti~g helght,

sprue height and ingate size in the case of experiments with

a receding casting interface. Increase in casting height L

'"________ ~_ •. ~ • __ •••_~ ••ft
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\and sprue height S affects the ~lalue of hI and dh/dt

lnc;rease i:1 the size of t:1e inga;:e affect" the tlme

whereas I
the onset of stage III.

14. In experlrnentS with receding casting interface, the slope of

h with time (dh/dt) is found to remain a constant i.e.h

decreases linearly with time.

15. Insulating mold coats decrease the. value of the interfacial

heat transfer coefficient h.

16. Increase ir. chill surface roughnesS decreases the value cf h.

"-7. The type of alloy affects the value of h considerably. ,\l-Li

alloy has the highest value of h, followed by LM24 and k~ 6

allays.

lB. The valCle of h obtained by air gap measurements shc',;s a

satisfactory agreement with that obtained frOI:l tempe~at'~re

measurementS.

19. From the studies on the validation of the model. it is see~.

that the temperature values obtained by calculation usi~g the

,<

!
I
j,
•,,

values of h f~om the various studies agree quite well on t~e i

chill side and reasonably \.•.ell on the casting side with t::e

temperatures obtained experimentally.

20. The calculated temperature values ~n the casting and chil"

are found to be sensitive to hIland dh/dt in the cas" 0:

both the alloys. Variation ~n hI' tI and tIl by a factor 0: .\i,
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t~o Idees not affect the te~perat~re distribution
\cantl~. The freezing time 13 af:ected by the values.,

the in~t~al stages.
;

•

of h In
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\SUGGESTIONS FOR FUTURE WORK

~. The varia,=~cn of h with sue"ilce roughness ",,,,,,,,roBter" have to

This re~uires preparation ofroughness parameters a and ~.
de\:er,"inect using mold surfaces ~ith ~ell defined

mold surfaces by precision machining techn~ques.

Tho
effec,= of mold coats of different materials

thickness should be evaluated

be related to the model.

quantitative Iv• •
and this has

thermal

conductivity of the coating materials should be incorporated

in the calculations.

3. The effect of chill materials and of preneating the chill on

variation of h with time should evaluated

quantitativelY and related to the model.

4. The effect of water cooling of the chill on the variation of

h with ti~e should be studied.

",odel for the dynamic variation of h with til7,e

incorporating effects of changes in casting dimensions and

fri~tion between coating and mold could be developed .

•
•

227
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