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In numerical simulation of casting solidificatinﬂ, tﬁé Ehermaf
behavior of the casting/meold interface can be represented by thé
interfacial heat transfer coefficient 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-
minaticn of h is difficult because it requires the solution of
the TInverse Heat Conduction Prcblem. Many factors affect the
vailuve of h but the quantitative and empirical mcdéls available
for determining the value of h take into account only a few of
the variables like metallostatic pressure, presence of insulating
mold coats etc. at the interface. A comprehensive medel to

determine h would be wvaluable for numerical simulation of cast-

ing =sclidificaticn.

In this work, the variation of h with time at the casting/meold
interface in one dimensiocnal heat flow is discussed. The total
duration of the variaticn of h with time at the casting/mold
interface is divided inte 3 stages- stage I, with a high fluctu-
ating value of bk, stage IT ;ith a steady value and stage IIT with
either an increasing value of h due to increase in contact pres-
sure or decrease in i due to increase in the air gap between the
casting and the mold. When the metallostatic head acting at the
casting surface is ctonstant, stage III may be absent. “In some

cases, Etaqe Il may nct be observed at all (i.e the duration of

stage II is negligiblej.




tn this work, a model for predicting the value of the interfacial
heat transfer coefficient between the liquid metal and its mold
in steady state one dimensional heat flow is developed and is
used for determining the mean value of h in stage I and the wvalue
of h in stage II. The analysis is carried out for tweo types of
-old profiles: 1. a mold profile consisting of a combination of
uniform V grooves, and 2. a meld profile generated by the method
of fractals. Analysis of the interface generated by the method of

fracrals is carried out on a computer using numerical techniques.

The casting surface profile whiche is formed when the liquid metal
comes intoc contact with the meld surface consisting of parallel,
aniform V grooves it modeled from a consideration of the surface
rension of the liquid metal &, metallostatic pressure P, advanc-
ing contact angle e and the groove parameters , namely , the
half-mouth width of the groove a and the semi-apex angle § of the
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 yy between the casting and the mold:
The case of real mold eurfaces is modeled by assuming that the
mold surface consists of a random combination of uniform greoves.
The overall thermal resistance of a randcm combination nf grooves

is obtained as a series/parallel combination of the thermal

resistances of the constituent grecoves.

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

method of fractals and its correspending liquid metal profile is

L T




earried out using the same principles develeped for V- grogves.

The calculations however, are carried out by numerical methods.

To validate the results from the mcdel, the unidirectional solid-
{fication of three aluminium alloys - LM 6, LM 24 and Al-2.7% Li

alley against a smooth uncoated cast iron chill is studied.

Thase experiments were c¢arried out for two cases (i) with a

constant metalleostatic head and (ii) with a receding casting

The size of the air gap formed between the casting
»

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

interface.

interface 1s also measured. Using the time-temperature data
from casting and chill, the walues of h are calculated by non-
linear estimation procedure and are compared with the values of
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 distributicn in the casting and chill
using representative values of h cbtained from the experimental
results. The model is validated for the case of the constant
metailostatic head by ecmparinq 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 inh h on the changes Iin the

calculated temperature values for both IM 6 and LM 24 alloys,

(1ii)



From the: results of the calculations using the model to determine
tho vulde of b in steady state unidirectional heat flow, " the

follﬂuinqxconclusinns can be drawn.

A satisfactory model for obtaiping the mean value of b in

1.
stage I {hp} and the value of h in stage II (hyy) at the
sold/metal interface is develcped for the case of steady state

ene dimensional heat flow. An analytical method for evaluating h

for gecmetrically reqular grooves, grooves in parallel, grooves

in series and random combinaticn of grooves is also presented.

-
5 The model showe that the heat flow acreoss the casting/mold
interface depends on the topography of the mold surface and at
least two parameters are necessary for representing the surface

topography for heat flow predictions. Ip the model developed in

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

characterized by the semi-apex angle # and the half wouth width

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

3. For a mold surface containing parallel, uniform V grooves,
the parameters which influence the value of b are, the half
meuth width of.the grcaove a, semi-apex angle of the groove #,
surface tension of the ligquid metal o, advancing contact aﬁgle a,
net metallostatic pressure P, thermal conductivity k of air at

the interface and air gap equivalent y¢ of oxide and other films

at the interface.

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

decrease in o {iv) decrease in a and (v) increase in X.

{iv)
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5. The interfacial \heat transfer coefficient has a low value at
| - TAN Y Ta oy
| . . m ek
Above a critical pressure determined by the

low pressures.
L

"groove configuration, h rises steeply and then with further

increase in pressure, reaches a steady value determined by Y¢-
|

6. The mold surface profile can be satisfactorily represented by

. . . *
treating it as (i) a random combination of uniform V grooves in

series or in parallel and (ii} a fractal surface.

7. The variation of h with P shows a square root relationship
i.e., hafP when the value of h is walculated using the model for
a fractal surface when the range of pressures employed is

large i.e. frem lx 10 S to 100 x 10 ° pa.

From the experimental results and the model of the present study,

the fellowing conclusions can be drawn.

8. The general variaticn of k with time in unidirectiocnal heat
Tlow shows three distinct stages- I, IT and IIT. Stage I shows a
high fluctuating value, stage II shows a steady value and stage
ITT shows a-decrease in b with time. Specific cases may show
absence of stage III as in the case of constant metallostatic
head experiments or absence of stage IT as in some experiments

with receding casting interface.

. 9. The experimental method developed in the present work is
‘satisfactory for the determination of k in the case of constant

metallostatic head and receding casting interface arrangement for

unidirectional heat flow.




10. Beck's non-linear EEtimatiun procedure is a satisfactory
aoluticn for determining the vglue of b from the temperature
]
peasurements cbtained in the!present experiments. For the
experimental conditions used heré, a time interval of 0.5 seconds

for temperature measurements,l second for the determination of

heat flow rate g and the use of one set of Ffuture tepperatures

is found to be satisfactory.

12. The variation of h with change in metallostatic head is
satisfactorily explained by the model for stages I and II. The

experimental results validate the molel developed in the present

study.

12. The model developed in the present work gives a better fit
between the value of h and the metallostatic head, compared to
the linear regression values. However, considering the sensitiv-

ity studies, the linear regression resiilts are satisfactory.

"12. 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 I and
Sprue height 5 affects the value of h; and dh/dt whereas increase

in the size of the ingate affects the time tyr for the onset of

stage IIT.

14. In experiments with receding casting interface, the slope of

h with fimexjdhfdt} is found to remain a constant i.e.h decreases

linearly with time.

{vi)
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15 [naulating mold coats decrease the vélue of the interfacial
- :I -

heat transfer ccefficient h. \

|

Increase in chill surface roughness decreases the value of h.

|
17. The type of alloy affects the value of h considerably. Al-Li

16.

alloy has the highest value of h, followed by IM 24 and IM &

alloys.

18. The wvalue of h cbtained by air gap measurements shows a

satisfactory agreement with that obtained from temperature meas-

L ]
urements.

13. From the studies on the validation of the model, it is seen
that the temperature values obtained by calculations using the
values of h from the variocus studies agree quite well on the

chill side and reasonably Well on the casting side with the

temperatures obtained experimentally.

<0. The calculated temperature values in the casting and chill
are found to be sensitive to hyt and dh/dt in the case of both
the alloys, ﬁariaticn in hy, t; and Ly (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,

{wii)
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! CHAPTER 1

INTRODUCTICN

E Enﬁtlnq depends an  the

thermal <conditions

THae sOouminosnd

gurimg (s solidification (1j. castings made in metal molds have

=o those cast in sand due to the faster

pwtitar Gtienqil compared
¢tats of cooling ln zetal molds and they also have hetter surface

tfiniah compared to sand castings. Permanent mold castings form a

slgnifleant pertion of the castings produced in non - ferrous

alicyn.

The offcct of varicus factors on the scundness of permanent mold

castings hap been Btudied by experimental and numerical metheds.

in tho caco of castings solidifying in metallic molds, the heat
extraction from the casting is controlled by the casting/meld
intorftace (2)]. Thia behavior of the interface can be attributed
Ty laperfect contact between the casting and the meld, and in
strne  capes,  the formation of an air gap at the interface. The
Nermal hehavier of the interface Ils characterized by the " inter-
Tacial heat transter coefficient', h. The value of h affects the
Freening time  te of the casting and also the thermal prafile
inmide  the solidifying casting. For obtaining reliable predic-

~iun gl the temperature field from numerical simulation of cast-

mrioieil.aiiication in metallic molds, knowledge of the heat flow

- TN Casting/mold interface is necessary.

22

terfacial heat transfer coefficient h is knowh to vary with

=-fe o and lecaticon on the interface. h depends on a number of




'|

factors like metallostatic hea*, mold roughness, mold coatings,

casting geometry etc. Determinaticn of h by experimental metheds
iz difficult since it involves ghe solution of “~The Inverse Heat
cgnduction Problem' {IHCP) which is an ill-posed mathematical
preblem. IRCP implies the estimation of the surface heat fiux
nistory or surface temperature of a body given one or more meas-
ured temperature histories inside the heat conducting bedy,

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

atures are determined from a knowledge of the boundary condi-

tions.

The value of h at the interface during solidification of castings
in metallic molds varies over a wide range. Considering the
number of fa;tnrs affecting h, it is clear that a model for the
determination of h would be extremely useful for numerical simu-
lation of sclidification in metallic molds. A medel which can
give an initial value of h would be adequate since informaticn
about the subsequent variation in b can be cbtained during cast-
ing solidification by numerical simulation. In this work, a
quantitative model for calculating the value of the interfacial
heat transfer ccefficient in steady one dimensional heat flow
conditions is developed. The model takes into account the metal-
lnstatic\pressure, mold surface microgeometry, surface tensicon of
the 1liquid metal, the presence of oxide films, air gap and mold

Coats at the interface.

To verify this model, two types of experiments i.e. i) with a

constant metallostatic head and ii) with a receding casting
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.nrerface are performed to determine the inTerfacial heat trans-

ror coefficient in one dimensional heat flow for LM 6, IM 24 and
i

At=2.7% Lithium alloys freezing against a ¢ast ireon chill. h is
determined using temperatures measured in the casting and «chill

ard solving the inverse heat conduction problem using the non-
jinear estimation praéedure [3]. The value of h obtained from
temperature measurements from a receding casting interface exper-
izent  is compared with those ubta}ned Froem a direct measurement
of the air gap at the interface. Representative values of h are
cbrained from the experiments and the model and these valueg are
used for obtaining the temperature field in the casting and
chill. The calculated temperatures thus obtained are compared
with the measured values. A sensitivity analysis is alsc carried

cut to determine the variation Iin the calculated temperatures

with variation in h.
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CHAPTER 2

LITERATORE BURVEY |

2.1 INTRODUCTION

soundness of a casting depends on the thermal cenditiens

The
during its freezing [1] and these conditions are in turn deter-
mined by the rate of heat extraction from the crasting by the

pold. The freezing time t, of a fasting is one of the limportant

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

tion and gquantitative relationships have been developed Dbetween

easting soundness and freezing time ty [4].

Solidification of castings in metallic meolds differs from that in

gand molds becaute of two main reasons. 1. The sand meld thick-

ness is large enough to justify the assumption of seni-infinite

size of mold {2]. This assumption is not valid for metal wolds

due to the high thermal diffusivity of the mold material. 2. The
heat flow frem the casting inte the meld is limited by the ther-
case

@al resistance offered by the casting/mold interface in the
of netal molds [2] whereas in sand molds, thermal resistance of

the interface is insignificant compared to the thermal resistance

©{ the insulating sand meld. The thermal resistance at the

mold/metal interface in metal molds arises due to imperfect

Contact between the casting and mold [5] and in scme cases, the

formation of an air gap between the casting and meld [6). The

foraation of the air gap at the castingsmold interface was stud-

ied by the early investigators [6-13]. Facters relating to the

1

Slze anq material of the mold and cast material are found  to
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inrluence the formation of air gap. The main effect orf the air

gap is to increase the freezing time, tg, which in turn atffects

the casting soundness. Many investigators tried te relate the

freezing time of the casting with the factors relating Eo the

pold, casting and the behavior of the interface {7-10,14-24}.

For simulation of casting solidification which is of great impor-

tance for Computer Aided Design &CAD} of castings, it 1s found

thar the behavior of the interface can be incorporated during

simulation by introducing an appreopriate wvalue for the interfa-

c1al heat transfer coefficient b [25-Z3). Many attempts were

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

nation of h leads to the Inverse Heat Conduction Problem (IHCP)

time

-

[35]1 It was also found that the value of h depends on the

after pouring and locaticn on the interface.

These studies led to a better understanding of the sclidificatien

of castings in metal molds and particularly the behavior of the

casting/metal meld interface. A number of factors affecting h

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

@xplzin its behavior.

This chapter begins with a survey of the literature on the forna-

tion of an air gap between a casting and its metal meld which

1nfluences the freezing time ty and hence the scundness of the

casting, Literature on the prediction of ¢ty by mathematical

m : . . .
[Pethods is then presented. The importance of the interiacial
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heat transfer coefficient h in predicting ty, metheds of

pining h and selutions for the related IHCP are discussed.

relating to the factors affecting h and models for

Literature

predictinq h are inecluded.
3.2 STUDIES ON AIR GAFP FORMATION

=ne aarly investigateors of scolidification in metallic molds found

that an alr gap forms between a* casting and its mold in the

stages of sclidification and this gap continues to in-

initcial

craase in size with time [6]. Their efforts were directed to-

wards finding the time, locaticon and other factors relevant to

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

air gap during the sclidification of the casting was monitored by

pame investigators [10,13]. These aspects are discussed below.

2.2.1 Early theories

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

between a casting and its metallic mold was investigated system-

atically by Matuschka [27] who concluded that the formation of

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

¢Xpansion of the mold due to absorption of heat and the contrac-

tion of the casting due to solidification and subseguent cooling.

Faschkis [38] explained that as a result of air gap {formation,

t - 1 ,
he casting skin may get reheated and this can cause the metal to

br . . . . .
€ak through the skin resulting in fresh metal freezing against

‘the .
mold wall leading to a cyclic process referred te as "breath-



" £ 15 reported {a] tnat +this view, haowever, was not

seoeptod by other investigatcors [39F7. The effect of the ferro-
4tat.c head an the detormacicn of the plastic skin of salidified

=ctal and the resultant delay in gap formation was painted cut by

suzmar:zing the results of the earlier investigators, Henzel and
kevnrtan |61 concluded that the time and magnitude of gap forma-
tion  1s deternined by casting si%e, mold wall thickness, mold
gurface  roughhess, mold walX temperature, superheat, rate of
pour:ng and coefficient of expansion, density, conductivity and
apecitfic heat of mold and casting materials. Air gap formation
irduces snarp changes in the temporal variation aof casting and

mold surface temperatures.

J.32

-2 Deteraipation of time for air gap initiatien

wo=e  of the methods enployed by investigators to determine the

“ime ol initiation of air gap at the interface are Jiven below.

Femperature measurement
Air gap formation is associated with abrupt changes .in the tem-

[ L] [Sp . '
FETAtUres at the mold and casting surfaces [6]. Hence, by maoni-

£ : , . 2
*1n3  the interface temperatures, the time of formation of air

93P ©an be determined (40,4171,

H.n . C o s . .
hop et al [40] studied the solidification of steel in sand and

1 ;
Lallic melgs. Thermocouples of the sheathed type having a

=mali

Mass were used for measuring the surface temperatures.

"-T‘-.-.-' ﬂ':h ;’t;l-.- ""3':-11':1 It T G lages .-.-' .



| ey shownz chat the shArc charge coservesd in the siur<ace temper-
lszure or the permanent mold can be associated with trne formation

a: .1 gup vetween the meld and the casting,

tterton and Houseman [42] used bare wire thermccouples with low

thermal  lag  for accurate measurement of the CAsSting 1nterface

ternperature in  sand castings. They showed that by wusing bare

re intermediate metal thermacouples, the =zurface tamperatures

zeasured were above the temperature of solidificatviaon, thereby
indicating the presencs arf liquid metal at the interfaca,. This
aspect  could not be detected by sheathed thermocsuples. This

#hows that detection of the time for air gap formaticn by tegper-
dLir'e measuremant reguires a proper technique far naeasuraement.
t was also concluded bv some investigators (9,107 that measure-
Aent of the mold surface temperature is not a reliable method for
deternining the time for air gap formation especially in the case
of thin molds with insulating mold coats since sharp <temperature

Changes are not always noticed in these cases.
v- Hea: flow method

The hear fley across the castihquuld interface can be detarmined
frea Cemperature Méasurements in the casting and the moid. The
fRsults o Mackenzie and Benald [43) show that the heat transfer
Tate across the casting/meld interface increases from an initial~
Y low value eo @ maxizum and then decreases subsedquently.  The
“ime of “ccurrence of the peak value in the heat transfer rate is
as

= i r ; |
OClateq wWith the onset of-air gap fermation, Henzel and

.:':!.':':",I'Er 1 . .\
lan [s] Calculated the rate of heat transfer using the data
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g HLinhop Lt al [+4+]1 and arrivea at simllar conclusicos. in some
instead of @ well defined peak. wide fluctuations Lo the

L TH P

neat —-ansfer rate are noticed [457.

Migrpllaneous methods

1.

sone  of the early studies on the formation of an air gap at the
ynterface was  garried out by inserting electric probes © which
prake an electrical contact causifg lights to be switched ofrF,
thus indicating the formation of an air gap [6]. Desars [11l:

asade a casting of steel in a big end down ingot mold fitted with
a loase plug at the botZcm. The plug and the mold were supported
on welght monitoring systems and the extent of gap formation
cculd be deternined from the percentage of ingot weight supportea
By the plug. Time for complete separation of the ingot frem tha

=¢:d could be determined by neting the time at which the entire

“uight aof the inget was supported by the plug.

2.2.3 Measurenent of air gap

-

Direct meoasurement of air gap between the casting and nolc was
perferned by some investigators [10,13]. The growth, distribu-
Licn and size of air gap was obtained experimentally using induc-
ti”? Jauges which neasured the movement of the casting ‘surface

relitive to the mold surface [10].

bl i
“he %ize of the air gap was monitored continuously by Winter
et ' . .

al  [12] using two inductive gauges, one connected to the mold

Surf .
4Ce and the other o the casting surface. The values of the
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qap width were fcuq& to be in the range of 0,05-0.30 mm. Isaac
ot al [10] used a single inductive gauge for measuring the thick-
ness of air gap atla given leocaticon in the case of aluminium
solidifying in a cast iron mold. They monitored the variation in
gap dimensions at the center of the face and corner of a bar

casting of square cross sectien., In their experiments, the meas-

ured values of the air gap was in the range of 0.027 to 0.247 mm.

Hou and Pehlke {46] measured the interfacial gap during selidifi-
cation of an Al-13% S5Si alley casting seolidifying in a sand mold.
The gap formed during solidification was found to vary from near
zere Lo 0.066 mm during scolidificatien. Based on the above

values, heat transfer coefficients at the interface were deter-

mined.
2.2.4 Factors affecting air gap formation

A number of factors have been found to influence gap formation
Nanely; casting size, volume ratic, mold preheat, meld coating,
Pressure etc,, and investigations pertaining to these factors are

q9iven helow.

Panchanathan et al [41) and Srinivasan et al [7] found that in a
Fetallic mold of a given material and thickness, the time for air
93p formation increases with increase in casting size. The time
for air gap formation is found to decrease with increase in
¥olune ratic vm (i.e., the ratio of mold volume to casting

¥clume) [7,9}. Beyond a ratic of 5.0, there is no appreciable

10
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7]. Preneating the mold -

p-

'1
1 Tl gap f[ormation time
;:n:lr‘-f;"! b e adi [

creanns Toe time for gap Lnltiaticn [6]-

+

Wenru %, studied the influence of coating thickness on the

pehavicr of the air gap in the case of copper base alloys solidi-
rying 1ln cast iron melds. He found that the time for the starrc
af a.Lr cap formation increases with increase in the thickness of
inusulating meld ecats.  Isaac et El (13] found that the freezing

izme of start of alr gap formation and the tcoctal size of

time, -

the alir gap depend or the wvolume ratio and the coating thickness

applied on the mold surface.

Davies [47] found that air gap formation cam be influenced by

applying pressure to the melt. cChatterjee and Das [48,4%3] stud-

ted the effect of pressure on the sclidification of aluminium
hase alleys in metallic molds and reported that the apglication

of pressure can eliminate the formation of an air gap completely.
[ ]

In the w¢ase of ingot castings, the time and leocation of gap
lnitiation was found to depend on the pouring rate [6]. Differ-
ences 1in the location of gap initiaticn were alse observed be-
tween top pouring and bottom pouring [(§].

The formaticn eof an air gap between the casting and the die in

]
the case of continucus casting was studied by Fredrikssen and

Thegerstrom [50] and Grill et al [51]. These investigators found

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

The presence of an air-gep is known to affect the freezing time

of the casting and this aspect is discussed below.

1l
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..3.FREEZING TIME ty OF CASTINGS IN METRLLIC HOLDS

solidification of a casting begins near the mcld wall ang

The

proceads towards the center. The time at which the last solidi-

g point in the casting crosses the freezing or salidus  tem-

IyLln

gerature 15 taken as the freezing time, ty. The presence of an

sap between the solidifying casting anc its ametallic nold

y i

the heat exiraction rate owing te the insulating nature

L it =

’ -
ot +he gases present in this gap. This, in turn, affects the

¢reezing time of the casting. Literature relating to the time

0t freezing of castings solidifying in metallic molds is present-

g celaw.

2.3.1 Factors affecting freezing time
F.

r: a resuilt of experimental investigations, it was found that the

A
fresezing time of a casting depends on the thermal preopertvies of

the mold and casting, interface condiziens and application cof

pressure on the solidifying casting (7,8,10,14-21].

. 'f:&q

1. Mpld material

* -

Mold materials of higher thermal conductivity extract heat faster

and this results in a lower time of freezing.

Ly is lesser in -copper molds -compared to cast Lren and
-n

anodized aluminium molds [7].

2. Volume ratio and modulus coefficient

Freezing time ty is influenced by volume ratio (VR) 1f VR is

5.0 [7]- Similar results were observed by Hehru [9] for

below

12

It was feound +that

a3
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of cast  lroon

cunmetal castings. Aocording to Mchan {121,

, su.takle parameter for predicting ty 1n the case

produced in permanent molds. It was observed (9. 24]

~astings
cnat te IS proportional to the modulus coefficient giver by
(?Ljsh}l'E[VR}_O'E
nere Sa = Surface area of casting
V. = Volume of casting *
VA = Volume ratio

2. Mocld sreheat

w

Ayyamperumal [23] found that ty increases with increase in =old

rreheat temperature in the case of aluminiom alloy castings. L5

ircreases marginally with lncrease in mold preheat in the case of

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

4. Mold surface roughness

Prates and Biloni [52] and Mecrales et al [27) found that with an

increase in the roughness of the mold surface, there 1s an in-

The faster rate of heat exXtracticn

crease in the freezing time.

by a smooth mold surface was demenstrated by a shift 1in the

center line of the casting, poured in a mold with opposite walls

L
of different roughness [27].

ALl

3. Mold coatings .
The effect of mold coatings on ty was studied by many invesiiza-

tors [9,12,53] and it was found that insulating mold ceoats cde-

13
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~e oold surface temperature and inorease  the free-:in

g o LA RH

c:ac. The erfect of different types of ceatings on freezing time

wan alsc investigated. Nehru [9] found that silica moid coats

increase bty but there is an optimum coating thickness for which

rhe freezing time is maximum.

Type =f alloy

srinivasan et al [7] found that it aluminium alloys, the values of

t. was higher for aluminium - 12% silicon alloy compared to pure

atuminium and leng freezing range alloys like aluminium - 4.5%

ccpper  and aluminium - 10% oagnesium for similar casting condi-

tions. FKearu [9] found that the freezing time of gunmetal plate
castings is more than that of pure copper. According to PatZer-
sen et al [543, the freezing time of copper-tin alloys increzses

#ith an increase in the solicdificatien range of the allay.

7. Pocuring temperature

The freezing time of a casting increases with an increase in  the

pouring temperature [31,55)]. This can be attributed to the in-
“rease 1in the average mold temperature during heat extrac=zicn

With increased pouring temperature, resulting in a lower heat

extraction rate.

8. Casting geometry

The freezing time of a casting is influenced by its shabe. Monhan

{12} found that in the case of cast iron solidifying in a metal

< Mmald,  for a given casting sectien thickness, coating material,

14
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relad-

enrepat "enperature and neld wall thickness, the feilewing

-. ansnip 15 observed:

w,icovlinder] < ftg{sguare} < t. (plate)

sripnivasan et al [56] found that in a given metallic mold, for a

sarticular volume/surface area ratle for zinc and zinc-5% alumin-
cum alloy the following relationship is observed:
., juguare} < te(rectangle) < tg{cylinder)< te{plate;

L
%, Pressure

fhe freezing time of a casting decreases with increase in the

pressure applied on the molten metal. This can be atTtributed to

the increase in heat extraction caused by better ccntact between

the casting and the mold [43,49]}. Davies [47] reported that

treezing time decreases with increase in pressure up to 0.2 bar

Zut  incresse in pressure akbcove 0.2 bar does not cause further

recuction in freezing time.

2.3.2 Relation between ty and casting parameters

-

4 number of relationships between ty and some oI the casting

parameters have been put feorward by wvarious investigators

[7,9,12,57] and these are diszscussed below.
1. Chvorincv's rule [57]:
te=K (V./5A)7 cee {2.1)
where te= freezing time .
E = Chvorinov's constank

V.= Velume of casting

SA= surface area of casting



~n1s  eguation is valld fer zastings solidifying in  insulating
aapd  nolds, Chvworinov's eqguation was found tc he wvalia fcr a
evon 5iANG mold/alleoy combinatian i1rrespective of shape and size
s+ the casting. For metallic melds, however, this relation was

st limited wvalidity [7,9] and the value of K changes witn shape,

volume ratioc and mold coating.

an eroizical relationship was obtained by Srinivasan et al [7]

-

rrrwaen two dimensionless parametdrs as fcllows:

T 1.31' -
ty/ (K.5A.VR}) = [vcfsnj SVe ..o (2.2)

where ty = freezing time of casting

Vo = volume of casting

Vg = volume of mcld.

54 = surface area of casting

VR = volume tatio (V/V.) .

¥ = Chvorinowvw's ceonstant

3. Nahru [9], Chinnathambi [24] and Ayyamperumal {2271 fcund that a

vyolume ratic and

genegral relation connecting the casting modulus,

freezing time is :

tg = K Mg = K (Vo/SA)E-2 (vry~9:3 e {2.3)
Wher - - _ 1.5 (ypy=0.5
ere M. = Modulus Coefficient {(V./54) (VE}
K = Chverinev's constant

T

7. The solidification of cast iron in metallic molds was investi-

tated by Mohan [12] and in the case of unceoated melds, he found

the following relaticnship:

16
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. = freezing time, seconds

{Va/54) = tocal eooling medulus, cm

= meld wall thickness, cn

= pouring temperature, °C

= initial mold temperature, *¢

= ambient teﬁpérature, “C

= solidification constant I, sfcmz

= solidificaticn constant II, s.

1

Jehru (9] developed a noemogram to obtain the freering time for
plate snaped castings of copper and gqunmetal whose casting wol-
ume, nold wall thickness mold coat material and mold coat thick—
ness  are known. There is an increase in ty with a decrease in
mold wall thickness [55]. This result %s ascribed to the reduc-
tion in the thermal capacity of the mold walls wit reduction in

w&ll thickness,
2.4, PREDICTION OF tf BY MATHEMATICAL HETHODS

Ihe freezing time of a casting solidifying in a metallic mold can
also e determined by mathematical methods. For determining the

freezing time of a casting L, the heat conduction ecuation:
=% (ky, %Tx‘ax}ﬁ‘v’ayfky 3T/3yy+a/ 32Ky 3T/32)= f c 3T/3t ... {2.5)

should be solved with appropriate boundary conditions {[5,32,58-
§2]. In the above equation, X, Y and Z represent the Cartesian

k and k

“Cordinates of the point under consideration, k_, . .
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reprusent The thermal cenductivity in the X, ¥ and & directions,

- rﬂnrhsents the tTenperature. t the Zime, [ the density and ¢
erme cpecifzo heat of the aaterial, The solution saould take into
account the liberaticn of latent heat durina freezing. It

anould also incorperate the thermal behavier of the casting/mold

intertace  as a boundary conditieon.

1{ perfect contact is assumed betwgen a casting and 1ts metallic

socld, then the calculated time of freezing would be much lower

than the wvalue obtained experimentally. The diffarence Eetween
the calculated and experimental freezing times carn be attributed
to imperfect contact between the casting and the mold [58]. The
calculation procedure can be modified te take the imperfect
contact into account by using a finite value of the interfacial

nnat transfer coefficient h as a boundary conditien of the cast-

‘fn surface [5].

v¥o hroad methods of sclution are available — analvtical metheds
and  numerical methods. These two methods for solving the heat
Cétduction  ecuation are discussed in the following paragraghs
altop Presenting a brief account of the interfaciazl heat trans-

for toefficient, h,
2.4, i i Lei
‘-1. The interfacial heat transfer cocefficient

*h
"% heat flow across the casting/mold interface shown in figure

i.t .. ; .
€An be abtaifed using the expression [27:

¢ =ha (T.-T_) ce. (2.8}

la
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|
inere g = cate of heat flowlacress the interface

A = Area across whaich .heat flow cocurs

T. = temperature of the casting surface

T_ = temperature of the mold surface

W gan be determined if the -ralues of all the cother cerms in

ocguation 2.6 are known. Sometimes, the inverse of h 1l.e, 1/h,
: - [

roferred to as the "thermal resistance' of the interface is useod

¢ ilndicate the behavior of the interface [63].

The assumption that heat flow across the interface is by conduc-
ticn through the gas layer of thickness vy in the interface, gives

the relation [64]:

;
z h = interfacial heat transrer ceefficientc
i

d = (K/Y) & {T.-T.) cee (2.7
where k = thermal corductivity of the gas film 1n the interface
¥y = thickness of the gas filnm

[

Tomparison of equations 2.6 and 2.7 yields the relation:

h = k/y ... (2.8)

*

a?t ekrd Y Wl e 10 ‘.

In the initial stages of solidification, the cast metal wculd ke

in contact with the rough mold surface and heat transfer across

the interface occurs by solid conducticn, gas conduction and -

radiation and the overall value of h can be given by [35]:

h = h_<h.+h. e {2.8)

b

i e Wt = e o iy T S

20



sy

~gart transfer coefficient due o sclid Cconauctlon i

= neat transfer coefficient due to gas conduction

= Reat transfar coefficient due to radiation.

be calculated from the following formula proposed by

n.. can

il

gapler et 21 [65]:
1/2
. a ky/cy(F/H) -
L]
wnere P = Interfacial contact pressure

hardness of the softer solid in the contacting inter-

H

face

Ky = harmenic mean of thermal conductivity of the
contacting surfaces

Cy = wavelength of surface roughness for the rougher surface

N, iz given by:

h, = k/¥ cee {2.11)

If the gap is sufficiently =mall and the mold surface is swooth,

Ho. and Fenike [35] suggest that h. should take into account  the

effects £f the temperature jump distance'.

Ny is given by

Ny = (21 Ty(dTy+(AaT?))/(1/e1)+(1/e2)-1) .. (2.12]
where Ty = mean interfacial temperature
AT = interfacial temperature drop

ol = Stefan—-Boltzmann constant

el%e2= thermal diffusivity on mold and metal surfaces
respectively
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When an 3:iT 92P iz formed, there 15 no sclid condudcticon ana  in
- L - 1
gpis case zhe value of b can be abtiined frem the expressicn:
I
I
h = h, +h, cee 12,120
tpn the case of aluminium and other alloys which solidify at low

eepporatiures, heat transfer by radiation is very low compared <o
by conduction through the gas film and hence may oe ne-
qlected (21, The effects of heat.storaqe in the gap can alsc ke

negleczed [3%) and in this case, h is given by eguation 2.8.

~no  wvalues of Tc and T, cannct be measured directly because the
sntroducticn af thermocouples of finite mass at the interface can
cause distorticn in  the temperature field. Further, the regicn
close to the interfgce may not have a heat flow pattern pred;cted
oy theory due to the non-unifeorm suriace conditions. Hence

detercinaticon of h using equation 2.6 by measurerent of T_., T.

n

and g is difficult [3] and indirect methcds should be emplcovad.

~S menticned earlier, two methods are availakle for the Zeterai-

ravtion of h - znalytical methods and numerical metheds.
<.4.2. Analytical metheods

Te  study the solidification of castings’ in metallic molds, the

heat conduction eguation 2.5 .was solved by analytical metheds for
domaing with simple gecmetric shapes and boundary conditiers.
The plane front sclidification of liguid metal at its mel:ting

temperature in contact with a mold at the ambient temperature at

22
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(66]. The thickrness of zdea]

T was cansidernd by Scnwarsg

.30 C
sol:dified 5 15 giwven by the expression: .
S = 2/wlt e (2.14)
whore
2l 1s given by the exXpression:
2
f2.15)

- ¥ oA T
LU fﬁﬂsrsﬂaﬁkmfmcm+ erf al }= S{Te-T,}/L/w ‘e

Te= nelting temperature
T_= ambieﬁt temperature
© = sSpecific heat

L = latent heat

2]l = numerical constant

ks fg and C== thermal Conductivity, density and specific heat of

the casting

ﬁm and c_= tharpal conductivity; dansity ang specific haat

k
! =

ST mold,

it is reported [67] that a similar expressigon was developed by

Lyubov  but this solution does neot admit any superheat in the

liguid metaz.

Lhvorinovis pulae [(57] given in eguaticn 2.1 was derived analyti-
As  men-

Cally for castings Solidifying in insulating sang molids.
tioneqd earlier, this relation is of limited validity in the case

°f  permanent mold Castings {7,12} and the value of Chvorinov's

Censtant K changed with shape, voluma ratio and mold Coating.
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oidified form of the Schwarz solution was used to predict  Tho

vn.okness of metal sclidiried, S, at any given time [67]:

bt
i
e

5 = Al J/t - Bl .. (2.

where Al and 31 are constants which have to be determined for a
aowen Systen.  Prates et al [67] found that the constant Al de-
nepas on moid properties and b, while Bl is preoportional to the

sguare root of the superheat.

Tre solution of Schwarz indicated that the interface attained a

.

constant  temperature Tj. The case of imperfact contact was
selved by assuming an interface at temperature T, with twc heat
conductances hl and h2 on either side of this imaginary interface

[53,60,61l7. The overall value of h is cbtained by the relation:
1/h = 1/hl + 1/h2 s (2,173

~pproXimate solutions for the case of imperfect contact are
feveloped by scme Investigators [58,60,61,68] and scme of thesge
metnods are reviewed by Jones [S5]. These solutions, however, are
limited to the case of plane front freezing with simple boundary
conditions. Adams [5B] employed an iterative method te build a
Powar seriles solution for simple casting shapes seclidifyving in
Wetnllic molds with imperfect contact. -For the Ealuticn of this
Problem, Hills [69) develcped the Integral Prafile Metheod.
fobertson and Fascetta [68] used the method of Successive Approx-

imations for obtaining the solution.

24
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carvie 20O Prates [(60] developed Thne Virtual Adjunct ilethod
1 constant value <2f h. The interface copnductance was

=y a solidified metal of appropriate thickness &, For

£ = a2 5% + B2 S .. (2.18)

constants to ke determined

il

Wl re Mz A BZ

- t = time
L ]
5 = thickness solidified
*his model could be used to prediat the solidification rate and

+he temperature distributiocon during the unidirectional solidifi-
cztion of metals in molds cocled by fluids such as air er water.
assunption of a fixed value of 5 in the abave sclution was found

to he incorrect [70}F.

The wvalue of h in the case of thick molds was salved by thke
virtual Adjunct Method by Garcia et al {61}. The form of the
soluticn in this case is similar to eguation 2.18. Once  the
value of h is determined for a given situation, the wvalue af ¢t

~an be determined for similar situations.

P MY A ek s Sy e g ™ A G il 5y L

A review of the analytical methods reveals that exact or approxi-
mate splutions are available only for castings with simple shapes

Wwith severe limitaticns on the boundary conditions. They are of

limited applicability for studying complex castings encountered

in practice. Further, the soluticon assume=s that the valus of h

e b d Pl AT e i

remzins constant and variaticon of h with time cannct be easily



! in the sclution. Ffor sclving the cComgiex  cases,

setheds [ind greater applicaticn.

.3 Numerical methods

the heat conduction egquation 2.5 can be solved by numerical
acthods and frem this, the freezing time of a cas e ke
derorminesd. For obtaiqing the temperature “istribution in tche
casting and predicting the value of e, the =
inte rconsideration the likeration cf latent heat, interracial
neatt transfer coefficient and variation of mold and casting
prepertiesyswith temperature [60]. The calcul- =2d value of ty 1is
found to be sensitive to the value of h. I _ae value cf h is
xncwn, then the value of te can be determined by the Finite Dif-
ferences Methcd (FDM}) or the Finite Element Method (FEM). These
nunerical methods are used to calculate the temperature at prede-
termined points referred to as nodes in the domain. A brief

aczount of FDM and FEM and the methcd of incorporating h in these

“alculations is given helow:
L. Finite Differences Method (FDM) [71)

In this method, the partial derivatives in the heat conductien
fguation 2.5 are replaced by their corresponding finite differ-
ences. This results in a set of alyebraic eguations. If the
Partial derivatives are evaluated at the beginning of the inter-
val &at, it is referred te as the explicit finite differences
Method and the soluticn is guite straight forward. This, however

TeZulres that the time steps st be below a certain value to avoid
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111ty in the seoluTticn. Using partial dert-ratives oorre-

o £33 the end of the interval At leads “he  implizis
wpracd  whiich does not impose any restrictions on ert o oyer,

temperatures are abtained by soclving a set of sir.. Zaneous

i X

apuaticns,  which reguires more computatiomal effort tnan  the

explicit method. ©Qther variants of FDM are the Crank-NHichelo-n

~euhod and the Altermate-Dirsction-Implicit method.

For lrceorperating B in the solution, a methed was develioped by
-

Jeyarajan and Pehlke [7Z] where two nodes, one on  the casting

surface and the other on the meold surface are used with a slight

separation to represent the interface. The heat flow petween Lthe

two surfaces is represented by eguation 2.6,

2. Finite Element Method {FEM) [73]

in the finite element mechod, the domain of intarest is divided
:nto elements and the solution is sougnt at the cormers of the
elempnts. Sometimes, the soluticn is sought af spacific points
on the boundaries and interior of the elements in additisn to the
“Srners., An appreoximate soluticn in the element whigch ninimizes
the error is SDU@H; by the method of weighted residuals like the
Galerkin's methed. This leads to a set of simultaneous equaticons

“hich are then solved by using matrix methods for cbtaining the

terperature field.

Two metheds are avaiiakle for incorporating the interfacial heat
transfer ceef<icient in FEM calculations : L. Colincident node

Methed and 2. Thin eiement method.
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coiproannt nede methed
i

rm o this methcd, & principle similar to that explained in the FOM

provedure is used. Two nedes, one each on the casting and mold

gurtaces are given the same co-crdinates. Tc include the heat
rlw petween these nodes, the conductivity matrix of the element

s nmodified taking inte aczount the value of ©h at that location

S
2. Thin element mathod

Here, thin elements having very small thickness AX are associated
with the interface. The longer side of the element may ke abcour
130 Ax. Temperature distribution aleng the thin side iz  carried
out by 1linear interpclaticn. The value of h is intreduced by
using an approgriate value of ¥ (k = h ax) where k 1is the
2gquivalent thermal cernductivity of the material of the interfa-
cial element. Variable h can be obtained by varying the value of
k. The heat capacity of the materizl in the interface region

do2s  not significantly affect the calculaticn if the length to

width ratio of the element i=s large (i.e., about 100 or wera)

Methods for inccrparating the liberation of latent heat for the
simulation of casting solidifjicaticn are available in literature
136,75,78]. Procedures for incerporating wvariabile thermal
Properties af casting and meld materials have also been developed
[33,59]. Solidification simulation of castings 1n metallic molds

lhcarporating the interfacial heat transfer coefficient h in . the
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eriioal salculations  was c3rried cut by  many lnvestlgators

AL

,:Ulggr30,31,51,62,?6-T9] and these investigations are presented
EoIOW .

gartant and Slack [78] calculated the thermal history of steel

ingocs from casting to rolling by numericai integration using ine
. .pnite differences methecd (FD¥) for the solution of the heat flow
»

eguation on a two dirensional nesh representing the ingot =i

reight secticn.

furham and Berry [30] developed a numerical mode]l for predicting
the solidification of pure lead and al-4.5% Cu using FDM.
Latent heat of fusion and wvariable specific heat werse included in
tre caleulations. Long and short freeszing range alloys could  be
cinulated. It was aiso pessible te include various values of air
gap conductance and superheat. From their =z=tudies, the rats of
zclidification was determined. The interaction beiwaen superheat
and interfacial heat transfer coefficient was studled by Durham

et al [31].

Srinivazan (777 studied the effect of variation In h on the
freezing time of plate and cylindrical cast iron castings solidi-
fving in cast iron melds. He used the explicit FDM to solve the
heat flow equations. By using appropriate values for h, good
agreament between eoxperimental and calculated wvalues of t- were
obtained {20]. The effect of tpy on tensile strength and micro—

structure was alsc investigated [201.

-
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L oanget castings., The interfacial heatr tronster scer

F o n L

[ 1]

1cient

wru incergerated in the caloulaticns iy AS3UMINT thon orements of

T -

0.2 mm and with a time varying conductivity determined by

rne value cf h chtained fram published datga.

rhe 1Aporsance  of incorporating the interfacial  heast transfer

of the ZIreezing conditions of a gasting in a metallie mold  1s
resented azbove. This leads to the guestion of determinatiaon af
éi h and many investigators [29,33,35,36,52,63] attempted the de*er-
mination ©I h  for a variety of casting <onfiguracions. The

experimental details used by these investigators are given belaow.

) 2.3. DETERMINATION OF h

It is seern Ffrom the earlicr section that in the si-ulaticn ot

w1 1 = by L i I

casting sclidification, close agreement beiween the axrcerimental

Sra

; and calculated values of tf Using analytical and numericzl meth-
? ¢ds  could ke achieved by a proper selection of the valus for h.
gé The  value of h thus chtained iz enly an average vaiue and does
ii act give the Qariaticn of h with time and location orn the ipter—
i face. Compariseon of actnal ang predicted temperaturs prsfiles in
8 solidifying casting, however, indicates that h is ncc a cone
% stant but varies with time and loccation on the interfacs. In
3' this section, the attempts made by varicus investrigators to
é determine h from experimentally measured temperztures are de-
E SCribed, The methods reported for calculating tne value aof h
i}

frem  the measured temperatures are presented. Frem a snowledge

¢

°f the internal temperatures in the casting, h couid bhe saiculat-
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«=pating the heat transtfer preoiklem as an  Inverse Heat

Prozlem (THCP) . Precedures for solving the IHCP are
aipo discussed in this section.
3.%.1 Experimental studies

(6., in his experimental wark, used three different shapes

rnzs to obtain the wvalue of h between the casting and the

L+

-y
I
G
(4]
—

. . - P , .
=zid Zy measuring the temperatures from appropriate locations in

the casting and mold. The Ifirst case of a casting solidifying

around a water cecoled copper or steel pipe was analyzed by a

sinple analytical procedure. In the secaond case of steel solidi-

rfying against a horizontal chill, the implieit finite difference
method was used to find the value of h. The variation of h as a
of time could be obitained over the entire duration of
solidification. In the third case, a permanent mold plats casc-
ing  solidification problem was studied by FDM. Using trhe known
values of temperatures, the transient heat transfer coefficient

i2ould ke abtained.

U {36] determined the interfacial heat transfer coefficient
Letween cylindrical slugs and the molten metal solidifying around
“hem. Slugs of cast iron, graphite, copper and molybdenum were
“sed with insulating end covers to ensure radial heat flaw.
These slugs were given different surface coatings or treatments
and  then jimmersed into molten aluminum or Hastelloy X. The
“emperature rise of the slugs was meonitored and from these tem-

Ferature wvalues, the interfacial heat transfer coefficient was
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appropriate calculations basec s explicit  FDM.
the propertises of the slug with temperature was

in the cewputatisns. From his results, h 15 found

h=a,+Db¢t .. [2.19)

whoere a = 1nitial value of heat transfer coefficiant

b = rate of increase in heaf transfer coefficient with time

The 1nerease I1n h 1s explained in terms of increased contact
sressure due to expansion of the slug, contraction of the =solidi-
Jied metal and increase in the thermal conductivity of the coat-

ing layer at the elevated tenperature.

dizhida and HMatsukara f63], in their experiments, used a cylin-
arical casting solidifying in a matallic die under pressure.
+55aming a radial heat flow in their calculaticns, they found the
interfacial heat transfer ccefficient by an iterative precadurc
Ey matching the temperature at a point closest to the interface
1n the mold. The difference hetwaen calculated and measured
values of temperature at other points in the set up was attribut-

24 %0 axial heat flow.

Ho  and Pehlke {33,35] determined the interfacial heat ‘transfer
coefficient by solving the inverse heat conduction problem
Using the non-linear estimation procedure proposed by Beck [317].
The interfacial heat transfer coefficient was also determined hy -
calculating the conductive and radiative heat transfer coeffi-

Clents based on the measurement of the gap width. Good correla-
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o was found between cthe inverse soluticon results and estina-
Seocm 2lr gap measurements.  Isaac et al (307 determined the

sqiue of h due to the combined effect of meold coating, and air

Ll . The alr gap size was measured using an inductive gauge.
ginter e%f al [81] determined the walue of h in sand meoids Dby

~he air gap siZe during the solidification of white,

[T ERY R B gk

and ductile iron in sand molds. The sizes of the air gap

ooy

wirre rfound to be 0.3 mm, 0.19 mm and ©0.05 mm for white, gray and

duccile iren respectively.

The 1nterfacial heat transfer ccoefficient could alsc be deter-
nined from  fluldity tests. Using a fiuidity test, Prates and
Biloni {52] determined the heat transfer coefficient between a
{lewing metal stream and its metal mold. The value of h was

aszured to be a constant during the test.
2.5.2 The Inverse Heat Conduction Problem (IHCP)

The inverse heat conduction problem refers to the determination
of the boundary ceondition in a conducting kedy whose internal
tenperatures are known at a few locaticns [82]. This differs
from  the direct problem where the inkternal temperature field 1is
determined by solving the governing differential eguatien 2.5
Using appropriate boundary conditicns. The solutions availabie

for IHCE can be divided intc two categories 1.e.

1. analytical solutions and

<. NMumerical sgolutions

34



Analytical sclutiocns ,

b

» few analy<Tical solutions o =ne invers ©otonguction proh om

W

b

in which a temperature sensor is placed at an a:_
in the conducting bedy are available in the literature [B3-85;.
Burgraff [82} developed an exact sclution for calculating surface

heat flux and temperature from an ~tally  Andn- e

CoTn

interior temperature by considering a series = Y

LiCP. Hewever, Beck (3] peinted out that the exact solution does

[ ]
net take into account wvariakble t-_

- =N
Lhe measured data. Krzysztof et al [84] developed an approximate
analytical solution for the IEC? by using the Laplace transforn
technigue. An effective analytical method is suggested for the

solution of direct and inverse pr-blems of heat conducticn,

thermoelastic stresses and heat transr. . 'sol [85].

2. Numerical sclutions

For the nunerical soluticn of the IHCP an approximate form of the
variation of the boundary ceondition with time is assumed. Using
this form of the boundary condition with unknown cogfficient, tne
interior temperature field is determined in the domain by numeri-
cal procedures like FDM or FEM. An objective function based en
the wvalues of measured and calculated temparatures at wvaricus
internal points is then determined. The objective functicn is
minimized {or maximized as the case may be) by correcting +he
values cheosen for coefficients used in the boundary conditicns.
Thiz is carried out iteratively till a stationary value of tne

objective function is cbtained. The IHCP is said toe ke linear




!

woen  che tnermal properties Sf the material are inaege. o= aof
romperATUre Or eise the proolem is nonlinear [BZ]. Ea£h iiyzar
,pd non-iinear IHCPs can be sclved by using numerical methods.
~wc two basic numerical procedures available are the =~ functicn

clfication' and “reqularization methods'[B2,88].

LI
function specificatior method [82,86]

iq this method a functional form for the unknown heat flux varia-
=icn with time is assumed. The functiconal form contains a number
o: unknown parameters that are estimated utilizing the ‘method of
least sguares. In the whole demain functiﬂn-specification math-
ad, all the parameters for the complete time histoary are simulta-
neously estimated. In the sequential preocedure, thet parameters
are estimated at each peint c¢f time successively. The saguential

-izthod 1= computaticnally more efficient than the whole dJdomain

Arccedure for THCER.
Regularization method [82,86]

In this method, the unknown value of heat flux at the surface can
P2 estimated as a single discrete value at Eachx locaticn of
interest cn the boundary at each point of time. A combined method
©f function specification and regularization was rﬁported by Tu

[R&] by adding regularization terms to the functicnal ferm of

the boundary values.

Ihe paper by Staolz [87] in 1960 was cne of the earliest on the”

lnverse heat conduction problem. He used a numerical inversion

3a
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-,-rhonl TC solve the inverse heat conduction preblem. Thougn the

yralvsis  leveloped by him was specifically for spheres 1t -could

e oe applied to other simple shapes. However the solution

cevcmes  uhstable  if the time steps are small. The wmethed of
ivnamic pregramming and its use for the formulation and solution

. the IHCP are presented in matrix form by Trujiilc [8E].

(Y

' the work of Hicholas at al [8%] the two-dimensicnal linear
inverse neat transfer problem is investigated using the Houndary
Tlerent Methed (EEM in cenjuncticon With Beck's sensitivity
analvsis [3]. A deforming FEM analysis of one-dimensicnal in-

verce Stefan problems is presented by Hichalas et al [90C].

Eeck [3] developed the non-linear estimation procedure for esti-
rating the hest wvalue of heat flow based on the method of least
sCuaras, This methed has the advantage of taking into account
-naccuracies in temperature measurement and senscr lccakions
bezides uncertainties in thermal properties. This procedurs is

descriked chapter 6 of this thesis,

from  the akove, 1t is seen that the determination of h reguires
the sclution of the IHCP and wmany investigators have attemptaed to

determine h. It is also seen that h is affected by many Factors

And these are discussed below.
2,6 FACTORS AFFECTING THE MEAH VALUE OF h

In this secticn, the factors which affect the mean value of h and

the causes for its variation with time are discussed.
I
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surtace roughness of “he mela

presence of meld coabings

1 nature of cast surface

Cauting size

Yolume ratilo

. Casting ceometry . j
reperties of cast metal

#. Contact pressure

9. Miscellaneous factors

urface roughness of the mold

t
Lo

Prates and Biloni [52] related the value of h tc :he rougnness of

the mold surface. In the initial stages, the licuid =me=al con-
vacts  the mold only ac the asperities and the ragis  Sssiing at
these points initiates nucleation. The surface ==n=.<m £ the

liquid w=etal prevents Lthe wetting of the valleys =o

“old  surfaces. Thus mold- roughness affects the val—e - h di-
fectly. Using a fluidity test, Prates and Bilerni "2z  <-u=< that
in  the case of aluminum - 5 &% copper alloy Flewing == bars
Corper molds, the relationship between the number cf cref=rmZritic
fUciel ¥ and the roughness as:

N = 150 * pa~0-26 T .. (z2.20]
where RA = roughness in Microns RMS.
The relation between h and N was found to be:

N = h2 _ .. 12.21)
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usrales et al {27} found that the mold wall roughness as influ-
.rnced by machining, pelishing and coating, has a profound iInflu-
snce on the grain structure of the casting. Studying the heart
-eanster between a selidifying casting and a metaliic meld, they
.cund  that smooth surfaces extract heat faster, inpplying an
incvease in h. This was indicated py a shift in the center line

of the casting.

2. FPresence of mold coatings

4 + -

The presence of mold coatings decreases the 1nterfacial heat
cransfer coefficient by introducing additional thermai barrier
(80,%1}. Similar observaticns were made by Nehru [97 in the case
af insulating meld coats while =tudying the solidification of
copger base alleoys in cast iron melds. Flemings et al  [32]
pointed out that the effect of coatings in reducing the heat
transfer is significant only during the first few seceonds and
later tneir effect on heat transfer is negligible. They showed
that the coatings slow the heat transfer during the filling of

the rold, but de not prevent the rapid heat extraction during the

subseguent peried.
3. HNature of cast surface

At the elevated temperature at which seolidification occurs, the
ini:ially contactine mold/mektal surfaces separate from each other

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

3%
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-wig  1ffects  the rate of heat flow. Igaac et al  [34] <roated
cn1s Fastor ias an additicnal thermal resistance which affects She
everall heat  transfer coefficient. The zurface film is also
known to affect radiative heat transfer from the casting  surface

o the mold by altering the emissivity of the surface [35].

casting size

s5ully {29] peointed out that castiﬁg Slze affects the wvalue =f h,
Thin castings solidify in a short time during which the value af
h i= high. Thick castings do not solidify completely ﬂ;ntil h
reaches a low steady state value which inpliaes a loé overall
value of n. Similar resulis were observed by Sharma et al [(737].
The delay in gap formation due to plastic deformation in thick
castings can lead to a high initiai value of h which persists for
s leng duraticn [39;. Thamban and Panchanathan (16 aon the

chher hand state that for a given volume ratio, h remains nearly

the same for different casting thicknesses For long treezing

range alloys. -

5. Volume Ratio

Thamban and Panchanathan [16] found that the heat transfer coef-
Ficlent is influenced by the volume ratio and is independent of
the casting thickness. The variation of b with volume ratio at
the interface can be cbtained from the worTk of Isaac et al [34].
they found that thers is a reduction in the value of heat trans-

far Coefficient with decrease in volume ratio.
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-asTing geagmetry

1.

|
according to Sully [297, geometry 2f the caswing 1S an overriding
‘=

factor 1N contrelling the interraclal heat transter coefficient.

in cases where the casting surface moves away from the molg

surface, the wvalue of h decreases with time. However, under

cpecial conditions where the contraction of the casting causes a

intimate contact between the casting and the mold (as in the
[ ]

fn[= el

case of a core), h increases with time [36].

7. Properties of cast metal

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

[35,93]. Tn the case of ductile iron, expansion caused by gra-
rhitizatien results in hetter contact and hence an increase in h
with time [93). The nature of the metal also determines the

asurface exidatien characteristics which in turn aflfects h [33].

8. Contact pressure .

Tt was observed that h increases with an increase in the contact

pressure bhetween the casting and mold [35,47,65]. Nishida and
Matsubara [63] studied the effect of pressure on h using a <¢ylin-
drical casting. The maximum value of h as a function of pressure
saen

was found to obey a power law.« From their results, it 1is

that h varies as the square root of pressure over the widae range

of pressures studied.
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(177 observed that h increases with rncreese  in applied
N

~1rles

aporecia-

~ressure and beyond a pressurs of 0.2 bar there was no

»i1e change in h.
o, Miscellaneous factors

nccording to  Jacobi {94] different gas atmospheres in  the gag
a:so have an influence on the heat transfer ketween an ingot and

izs water cooled copper mold. h i8 found to be a functicn af the

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

numerical simulation by Jeyarajan and Pehlke [95]1 and Tadayon and

Tewls [96].
2.7 CAUSES FOR VARIATION OF h WITH TIHE

Tt was chserved that the walue of h is not a constant but wvaries
with time [29,33,35,36,63]. Factors which cause variation in the

interfacial heat transfer coefficient wikth time are

1. Mold expansien/casting ceontraction (671 and

2. Deformation of the casting (38,37]

1. Mnld Expansion and casting centraction

It was suggested  that a gap is formed at the, castings/mold inter-
face as a résult of the expansich of the mold due ta heat absorp-

5

Lion and contraction of the cast metal due to loss of heat, by

the garlier investigators [6]. It was also suggested that the

mold may expand initially inwardly just after pouring because of

"

the localized temperature rise.
i

o~
Fa




Pararatlon o the casting |

1
- -

o, yncic Seformation of the casting delays separaticn between the

4
casting and the mold. This accounts for the hign initiai  walue
ot h. 1his aspect was used to explain the varliation of h along
-ne vertical wall of a plate casting by Saixumar [97]. Paschkis

C1E] suggested a mechanism for ¢yclic wariaticn in h due Eo

croxthing. The dynamic nature of h was also pﬂinted' out by

muralidharan [45].

¢

2.8 MODELS FOR h

A survey aof the literature shows that some medels are avallable
for pradicting the wvalue af h hetween liguid retal and its wmeld.
Models are also available for sxplaining the wvariation of h

Eetween two solids in contact with each othar,

2.8.1.Modals for h hetween solids in contact

The haeat transfer between contacting solids is of interest”™ in
many engineering situakicons [82]. Thomas and Savles [98,9%97 de-
veloped technigues for predicting h based on the elastic deforma-
tion ~f the asperities on the contacting surfaces. Over a real-~
istic range of contack loads betwesen the surfaces, h is found to
Le proportinonal to the load.  Rapier et al [65] studied the
thermal conductance hketween uranium dioxide fuel elemaents and

their stainless steel casings and proposed the  relationship

Yiven in equation 2.10.



L

+ g.2.Modals for h at casting &nold interface

weunis avallable for predicting h zetween a cesting and  1ts

qeralilec @old can be divided intc two categories, nameyy

qualitative models and

. guantitative models. -

'ne  guslitative models explain the phvsical phencmena ocourring
&

4t the meld/metal interface withowt giving a methed feor calculac-

ing the values of h. Some of the earlier investigators provided

such models [35,477.

Davies [47] provided a qualitative explanation fcr Ehe dynamic
variation of b between a casting and its metallic mold by divid-
ing the events which occur at the interface inte 1 staces:

I. pericd of liquid metal contact which is asscciaced with
a high value of h.

2. period of centact between soiidified —eral and dia with
adequate contact implying high h. '

3. period of formation of air gap with drastic redugzian in

o
h.
Ho and Pehlke [35] developed a guantitative model for calculating
“he  value of h by censidering the heat flow across the interfa-
cial gap by gas conduction, convection and radiation. They found

Jo0d  agreement between the values cbtained from gap measurement

and the solution of JHCP.,

%
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_3.Empirical Models -

¢

26, gave the following equatien for h berween a chiil  nd
me-al solidifying around it giwven in eguatlon 2.18.

avcording tc Tiller [100}, the walue of h can ke predicted L zhe
axiroussion;

t,xl-t-e -

h =h'/2/ t cas a4

[ ¥

——

Jrere h'= reference value obtained experimentally

£ = time.

2.% SOMMRARY

The literature survey on the solidification of castings in e
lic molde shows that the early investigators recognized IToe
exlstence of imperfect contact and scmetimes an air gap betwsis a
casting and its metallic mold. This imperfect c¢ontszct leacs - o
an  increase in the freezing time t, of the casting. _Since <le
soundness of the casting could be related to its freezing =-.ze,
considerable attention was devoted to the determination of t- oy
mathematical and experimental methods. Experimental invesz_za-
tions were carried out to relate the freezing time of casz_ogs
with facters like freezing ratio, volume ratio, mold coat tn.zn-
ness etc, In the maﬁhematical metheds, it was found necessz-. o
introduce an interfacial heat transfer coefficlent b to ac-:int
for the imperfect centact. For simulation of the selidificzz.on
©f  castings with complex geometry, numerical methods are C:und

to be more suitable. While thermal factors relating tc =the

Casting and mold material can be incerperated in the sinuizzion
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e using established technigques, a knowledge oL Lo La.ue

H

necessary for the accurate predicticn of the thermal

of the casting. Many investigators ‘tried

conditions different

to determine the value of h evmerinentally. Experiments

aertholds
srowed  Tnat the value of h varies w.th tine © - - zn %he
rnterface. A number of factors are found te influence the walue
o h. Experimental determine * v - Si€sic v because it

. . I N :".,
requires  the solutieon of the inverse heat .....uoli... prcoiem,

Attempts were also made to determine the value of h frem quanti-

tative and empirical models. While the number of factors which

infiuence h are large, the available models take inte account

only a few of the factors like metallost-*ic pressure, prasence _

0f insulating meold coats ets, From th? 1t can be seen that a

-

couprehensive medel to determine & weould be guite waluabie “for

nunerical  simulaticn of casting solidificatiom and such a medel
.

s not reported in literature sq far.
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CHRPTER 2

SCOPE OF THE PRESENT WORE

survey of the availakle literature shows that a" satisfactory

F
suantitative medel for calculating the value of the ilnterfacial

Ea

weat transfer cocefficient h between a casting and 1its metallic
acld would he useful for casting simulatich. The present work is

carried out with the following objectives:
L ]

L. To develop a quantitative model for determining the wvalue
af h in steady state one dimensional heat flow between a

metallic chill and the liquid meral in contact with it.

i, 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 dimensiconal heat flow:

i) constant metallastatic head arrangerent

ii) receding casting interface arrangement

-
To study the effect of metallostatic head on h in the case

Ld

of constant metallostatic head experiments.

To study +the effact casting height, sprue height and

I

ingate size on h in the case of expariments with a reced-

ing casting interface arrangemant.

2B To relate the experimental vatue of h in steady state one
dimensional heat flow with that obtained by the medel in
the case of a smooth uncoated chill for the case of con-

stant metallostatic head arrangemant.
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-

Ta  study qualitatively, the effect of insulating mold

@zatings on the chill surface and chiil surface roughness

on b for the two experimental arrangements.

To measure the dimensions af tha air gap between the cast

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

To wvalidate the model by*comparing the experimental re-

Sults with the values predicted by the model.
-

Te cetermine the sensitivity of the calculated temperature

7alues with a change in the value af j.

&'
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CHAPTER 4

A MODEL FOR HEAT FLOW ACROSS CRSTING/ MOLD INTERFACE

4.1l. THTRODUCTIOHN

1
alll

survey of literature given in chapter 2 indicates that

The

1t

casting solidification in metallic molds, the value of h

value of b weould ze valuable for this purrpcose.

vzile of h between the iiguid metal and its metzi rold in

~ate ecne dirensionzl nheat flow. The nodel takes into

2an  then be used as a starting value for predicting the

tuent variaticn of h with time by numerical sirulation.

L¥Ees of mold surfaces:

Unifsrm ¥ grooves

vfarial heat transfer coefficient h between a casting and its
£
~ptaliic moid varles with time and location on the interface.

wumper of factors influence the value of h. For simulation

ne known as a functien af time and a medel for determining the

In this chapter, the wvariation of h with time in one dimensional

neat flow is discussed. A model is developed for determining the

account
the effect cf metallostatic pressure, mold surface prolile,
surface tension of the liguid metal and thermal conductivity
the gzses In the interface. It alsc includes the effect of
cWide and other adherent films which are normally present on

motal and mold surfaces. The stationary value of h thus cbtained

rodei developed here is used for the determination of h for

1. keld surfaces with uniform V grooves or a combination



I
p:id surrace generatec sy treating the surfacz profiie as a

s vaiue of W is determined for these two cases far a wide range
~: metailostatic pressure. The results obtained by simulation
soing  the model are presented and discussed ir  this chapter.
vairdation of the medel using %fperimental results repcried In

rarature are discussed here. Further wvalidaticn sf the mode:

1

[

csing results obtained by experimefits carried out in the present

work are discussed in chapter 7. .
4.2 VARIATION QF h WITH TIME:

4 typical graph of the variation of h with time in unidirectional
heat flow is presented schematically in figure 4.1. The varia-
ticn ¢f h can be divided into 3 stages, I, IT and III as shown.
Stage I shows 2 steep rise, followed by fluctuaticns ancd then a
steady value., The dqration of stage I, t;, and the mean wvalte
¢f h in this stage hy are marked in the figure. At the enhd of
5i2ge I, h attains a steady value, hyp, and remains constant t£ill
time tyr. This is followed by stage IIT in which h either de-
y: croases with time as shown by line 1 due to the mevement of the
0o | casting surface away from the mold surface or increases with time

Ue to increase in contact pressure as shown by line 3. A situa-

-

Zlen  in  which there is no stage III is shown by line 2 in the

figuere. A situation where the interface condition changes fron

7 Stage I to stage III directly is shown as line 4 in the figure,

f
1
i
!
1
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molten metal)ils poured Into tne meld, tnere s turbuience.

couses B to increase from zero to a nigh fluctuating value

I - ' - -
.n stage I. The tfluctuations can be asscciated with variations

.n pressure due to turbulence. Any skin of solid metal formed iz
ruptured by the turbulence in the melt. The mean pressure acting
;n the mcold during this pericd depends on the pouring - head and
tho casting height. Wken pouring is stopped, the fluctuations in
cressure die out. The nold extracts heat from the moclten metal

and a thin stable skin of sclidified metal is formed which 1is

' o~

pressed  against the meld by the metallestatic head. This narks
the end of stage I . During stage IT whigch lasts fror time t1 ke

t , the value of h i.e., hry remains constant. When an ade-

II
quate thicknessz of metal is solidified, it becomes self support-
ing and the conditiens of solidification may cause h ta increase
o decrease With time which marks the beginning of stage III. If
the geeometry of the casting is such that the ¢asting surface
receces away from the wold surface, h decreases and is represent-
¢d by line t in stage iIII. Increase in contact pressure Ray
Arise in situatiens like the solidification of the casting around
2 metal core resulting in an increase in h and this situation is
shown by line 3 in the figure. If the casting geometry causes a
Constant contact pressure as in the case of the bottom of an cpen
Casting of uniform creoss-section, there is no change in the value
©f h ard hence no distinct stage III as shown by line 2 in the

figure. The actual values of t; and ty; depend on factors 1like

the casting size and geometry, pouring conditions etg.

LIt
™1
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II
some cases Where thd mecallestatic pressure 1S not encugh o
1

ol ans

the Liguid metal surface formed against The cZhiil  surface
R .o :
. stage I, there Is no distinct stage II. Examples of this

nehavior have kbeen reperted in literature (&} and tae variation

5 h with time in sucn a situation is shown by line 4 1n the

rigure.

r.s maan value of h in stage I is affected by the effective
-~stallostatic head which actsz durimg peuring. The value of b in
stage II can be determined from the metallestatic head acting
after pouring is completed. Using the value of h in stage IT as
the starting wvalue, the variation of h in stage III can be deter-
mined by simulating either the relative displacements between the
casting and mold surfaces or the increase in contact pressure as
“he case may be. Even in cases Where there is no distinct stage

rI, a nctional walue of hpp can be determined for subseguent

usage for calculaticons in stage IIT.

The present medel fcr h in stages I and IT is developed by caon-
sldering a meld surface having uniform V grooves with its corre-
sponding liguid metai preofile. This work is divided 1into two

pParts:

1. A mold surface having unifors V grecoves and its corresponding
ligquid metal surface is studied analytically. Actual wmeld
surfaces are analyred by ceonsidering the irregularities con

the surface as combinations of uniform grooves,



A wastings/meld interface is studied avmerically and =he value
o:r h i3 determined at thle intertace. This tnvolves the

folicwing three steps:

-%: i} Generation of a mold surface wusing the method af
;‘; . fractals;
.ﬁ:ﬂ il) Generaticn of the liquid wmetal profile using kthe medel
? 3 developed in the present wark.
;: 1311} Daterminaticn of h
B .
q
L 4.3 ANALYZIS OF GEQHETRICALLY UNIFORM GROOVES: -
; detal mcld= are wmanufactured by machining crocessss like plan-
hJi 153, milling, twrning, shaping etc.,. These machining operations
3 leave a series of V grooves on the machined surface. Feor simpli-
fying the analysis, a mold surface consisting of a seriezs of
3 uniform parallel ¥ grooves as shown in figure 4.2 1is considered.
é%' The profile of the liquid metal which cones inco écntact wlth
§l this mold surface is determined by the surface tension of the
i; lguid metal and the net pressure actirg on the liquid =surface
ﬁ;y riol].
...4
i
# Cross section ABCD of the mold along a plane perpendicular to
; the mold surface is shown'in figure 4.2. The line AB is perpen-
|
1 dicalar te the direction of the groowves and a portien of AE is
_f shown in figure 4.3. A gap between the slcping walls of the neold
¥ | and the licuid metal is inciuded in the figure ta incorporate the
.!

effect of opxide and other films. The figure alse shows the

tiquid metal profiles that would ke obtained by varying the net
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emssure £ oon the liguid metal surface. The ipex anate of |&n

L]

vamse 18 2F and the tetal width of the groove at the zouta lis

a. The liguid mekal is acted on by metallostatlc gpressures @oy
,~¢ the bacx pressure in the groove is given by Pg+Py where Pg is
gas o©r air pressure and Py, 1is the vapar pressure of the
1. F.; 1s negligible in the present case since the Lboiling
cf most metals are much higher than the pouring tempera-

The net pressure acting con the liquid wetal surface P 15

difference between the metallbstatic pressure and the back
aressure l.e.

A

P = PH il [PS + PU} PR {‘1;1)
frem principles governing the behavior of surface tension, the

pressure F and the surface tension ¢ are ceonnected by the re:a-

~ion:

P=¢ (1/Rl1 + 1/R2) AU O I
where Rl ard R2Z are the radii af the liguid metal ;h twe  perpen-
dicular directions. From figure 4.3, it can be seen that ===

uid surface is cylindrical i.e. RZ = . Taking Rl = R, =this

d= tc %he eguation {1017:

o ¥

Tt is well known that when liguid metal rests on 2 non wettakbie
Substrate, it maintains a certain eguilibrium contact angle wnlcn
is determined by the interfacial tensions. When the liguid
Tetal atvempts Eo flow on the substrate, the contact angls

v -

“Ranges jts value depending on the direction of flow. When it

56




iopwe 5o 35 To increase the area of contact, it dees so only when

ne  coantact  angle  reaches the "advancing  contact  angle',  a.

similtarly, when the liguid metal fleowz =c as to decrease  the
area o¢f contact, flow will commence only when the contact angle
decreases to the "receding contact angle' [101ij. The receding
contact angle is not required in the present analysis.

In the present case when the contact angle (the angle between the
sioping side of the groove and tBe tangent to the 1ligquid ;étal
surface at the point of contact with the mold indicated as ® in
figure 4.3) reaches the advancing contact angle e, the liguid
netal advances inte the groove. This implies that when tae

pressure P is less than a critical walue P the 1liguid metal

Cl’
will not enter the grocve implying the existence of an air gap

between the weld and liguic metal surfaces. When fthe pressure

sxceeds P,, the liguid metal advances intc the groove maintaining

C L}

the advancing ceontact angle . To maintain the same value cof a

when the liguid metal advances further inte the greave, the

'_l.

us R should become smaller implying the need for a higher
pressure P. This phenomenon can be used to develop a guantitative,

relationship between B and P.

o . !
i e S

Lk

The liguid metal profiles for three cases (i.2. P < P., P = PF.

and P » P are shown in figure 4.3. It can also be seen from

.

- Tl

equation 4.3 that for completely filling the groove { R = 0 |,
the pressure required is infinite. This implies the existence of
4 partial air gap between the casting and mold surfaces at all

-

Pressures.
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wnen iguid meral tTouches an ideal smoocth mold surizce z2ndé estab-

nes poerfect contack, then the casting and zmeld soerisces would

PRIt

T. = T_ as shown in figur-e 4.4 a.

sive the same temperature l.e., T, o

heat flow in this case is controlled by the lower walue af

'™
che thermal conductivities of the mold and c¢asting. Howaver,
sv15  1s  an ideal situatieon, not realigable 1in  practice. The

conTact  ketween a real mold and a casting 1s imperfsct and  the
“
i1guid metal deoes not touch all poimts on the surface of the mold

as shewn 1in figure 4.4 h. The casting and mold surface fenpera-
tures vary from point to point dependiné on the contac:t condi-
zicns. Representative temperatures of the casting and
faces are 1indicated as T. and T, and the variation Iin the dis-
+ance between the casting and the mold is shown as an eguivalent

2lr Jap. The heat fleow acrass the interface in such a situation

iz presented in figure 2.1 ard the interfacial heat cransfer

coeficient is given by [&]:

(4.4)

A (To=Tp)

ki,

z the Interface is considered as an air gap of thickness v

[

having thermal conductivity k, then it can be shown thaz [35]

h= k /vy e [4.5])

EL

The 1nverse of interfacial heat transfer coefficient i.e i/h is

referred to as the interfacial thermal rasistance [63] .

S8



-

MOl D CASTING

Temperaotyre

__.’-'/f. T"::Tm

Distonc g —— +
0 PERFECT CONTACT

Equivalent qir

l;up/
Tﬁ

Tl

Tempergture —

Distance —=

b.IMPERFECT CONTACT

FIG 4.4 CASTING / MOLD INTERFACE



1

semperatieres atr varicus peints on the surtface ar the mold are

:nstant but wary ccnsiderasly. The points an the meld

naving contact with liquid metal would have a higher temperature
than those which are not in contact. Similarly, the points on
ehne licuid metal surface which are in contact with the neold have

1 lower temperature compared to the other points, However, a

that

m

repregsentative  temperature for T,. and Ty can be found such

L
their use yields the actual or measured value of heat flow [102].
4.3.1. Rnalysis of heat flow across the interface

Tne tyrical configuratien at the casting/mold interface 1s snown
in figure 4.5a. Since all grooves are similar and each groove is
symmetric about a vertical axis through the root of the grecove,

the region indicated for analysis is representative of the entire

confiquration.

The heat flow in the casting and the mold can ke considered ta ke
one dimensienal at locations away from the interface. Howaver,
close to the interface, more heat flows in the regions where
there is contact betwean the liquid metal and the asperities of
the mold and the flow lires would be as indicated in figure 4.5b.
This shows that there is a region in the vicinity <f the inter-
face where heat flow i5 not unidirectional and this region 1is
Jarked as the "disturhed region" in figure 4.5b. The thickness of
tha disturbed regicn iz small {of the same order as the surface
roughness] compared to the thickness of the mold. The analysis
of fhis region can be simplified by ccnsidering the heat flow to

be acrcss a unifarm gap whose thickness is such that it allows

&0
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figure 4,5c. The width of this eguivalent gap Yoy Can
|

rures Tp  and Ty remain constant i.e. steady state heat

conditions are assumed.
1.3.2.Assumptions
ke following assumptions are made }n developing the mcdel:

1. Heat flow across the interface is by conducticn threough

gases in the gap batween the casting and mold surfaces.

1
same amount bf heat flow as the series of areoves as  shown

ba

sctained by assuming that the molid and casting surface tempera-

flow

the

The

thermal conductivity k of this mixture of gasas remalins

constant.

L ]
Z. Heat flow occurs along parallel paths which are normal
the plane of the interface. The effect of deviation
unidirectionai ficw in the vicinity of the interface

nagligible.

to

fronm

is

3. The casting and mcld surfaces are at constant temperatures

T, and T, respectively.

C

1. The liquid metal dees not wet the mold surface. The sur
tonsion of the liguid metal ¢ and the advancing con
angle e remaln coenstant. The profile of the ligquid meta

contact with the mold surface 1s determined by « and o

the liguid metal.

5. The thickness of oxide and other films ardhering to the

face
tact
1l in

of

maold

and casting surfaces is aniform and this can be represented
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£y 4an  eguivaleont air gap ot wiath ¥Y¢. The presence of a
|

mold  coat can be included by choosing an appropriate value

for  ye. The chosen value of vy, gives the =same thermal

resistance as the combination of oxide films and mold coatcs

present at the interface. Y¢ 15 given py:

Ye = K/gay. S (408)

where Yy 15 the air gap width representing cxide and othes
film=, k is the thermal conductivity of gases in the gap and

hmax i=g the maximum attainable value of h.

The procedure for cbtaining the equivalent gap thickness y_,, ang

the interfacial heat transfer coefficient h for the configuration

shown in figure 4.5a is discussed below.
4.3.3.Analysis of heat flow im ths groove

Case (1): P>P.

The region marked for aralysis in figure 4.5a is representative
Gl the entire mold surface and an enlarged view of this region is

given in figure 4,6a. for convenience of calculations, Cartesian

Co-crdinate axes are intreduced with origin 0 at the root of the

Jroove, The X-axis iies in the plane of the mold surface in a

direction perpendicular to the grooves and the Y-axis is5 cheosen

along the normal to the plane of the mold as shewn in figure

1.8a. QL represents the sloping greoeve wall and this makes an
angle pA with the Y-axis where £ is the semi apex angle of the
Yraove, The half width a of the groove is divided into two re-
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. . . I
glons (i gap region and (il} contact reglon as sheown 1n the

Tigure. In  the gap region, the liquid actal arofile JXE  has a
[}

ralus R with the center of curvaturs located at a point H  on

he Y-axis, Angle KHT is marked as T in the figure. An air

gap of warving wiﬁth Y' exists in the gap region between the
crofile JK and the sloping grocve wall OL. In *he contact ra-
glon, the liguid metal profile IJ is shown “o no parallel to  the
groove wall OL separated by a ver;ical distance ¥g representing

the equivalent air gap correspeonding to the oxide films and meld

coats.,

The center of curvature H of the profile JK lies on the Y-axis

such that:
Fal
KHI = I's ¢ - - 90° ce (4.7

Generally, the mold materials and the mold coats used are  such
thar the liguid metal dees not wet .them. The value of & in
equation 4.7 for molten aluminium resting against a gast  iron
meld  generally lies  in the range of 150 ©o 170°. This gives
Pesitive walues for I for the values of 8 found on normal ma-
chined surfaces and the present analysis would be satisfactory.
Cn the other hand, if T is negative or zero, due to a large
value of g, it‘wnuld result in instability and lead ta complete

filling of the groove giving a value of Nmax determined only by

Y.

Considering a point @ at a distance x from the origin on the

“~axis, the air gap width at this location is the vertical Q@is-
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v' metween the moid and liguid meial Surtacer as shown  in

s1gure 4.%a which can Se determined fren The centloaration. The
|

—otal heat flow in the groove is considered as & mum 2r the Theoat

13w 1lh The gap region and contact regicn as  shawn in figure

Y- The heat flow dg in the gap regicen fthrougn a strip of

-~

width dx and unit depth in the direction perpendicular tec the

alare of the paper is giwven by:

X
g = —— (To-Ty)dx
}r'l'

* . ce. (4.8

where k = thermal conductivity of gases in the gag
T.= casting surface temperature
T = mzold surface temperature

Hence, the overall heat flow in the gap region, gi, is given by:

R sin T
[ s :
gl = dg = ———{TC—Tm}dx = — (To=TJR =in T see [4.8)
J oy %

where y is The eguivalent gap thickness in the @ap region GJ.

The wvalue of y is obtained by integration as follows:

-
1 1 E sinl dw
'Ih_':_s giVES ——— = e—————- _—== o [4'1{}]
¥y R =inT y!
oo~
We have
R = og/F

¥ = R sing
dx = R cosé de and
M = Recotf sinT + Rcos I + yg

where yy = air gap equivalent of oxide and thin f1lms.
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ky = 0

A r
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2 2
r
= H —— L
2
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2 ko A
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s Clias bk

1, = /2 1ln |==————mmmm— s mmmm e |
X2
L ]'Cl L tan T ,J"A- - ]"1_;._.
+ (D + —===) X --—== [tan * {-—"—=T=-"- =" }
pi jkq jk4
'kl
—tan~d [--=-=- -
2 Jk4
2 R cotsg
wWhere ky = =—memm-—- *
M~R
M-E
]":2 = -
M+E
ky = xq? 4 (kpmD)®
2
]'\4 Ll }:2 - m———=
4
A = === O = —hA =™ =————
L k3
I = memm————— b= 1-B Ky = —mmmm—ooosms
k k.‘\

In  the contact region IJ with a uniform air gap of width Y

the heat flow g2 is given by:

K
g2 = (ToTy){a - R sinl} s {4.113

Tt

6



1]
I

(

ql+gq2 = K(T_-T.1
{

= ha (T -T

the overall heat transfer ccefficient fzr the region under

brance,

aralysis is givan by:

kK (R sinlC a-R sinlr} k
h = (—— T s = - (4.13)

iNere Yoo is the eguivalent air gap si1ze for the entire groove.

Figure 4.6b gshows the variation of y', in addition tec the wvalue

z=f v and Yeq:

Cas=2(2y* P <P,
[Z P<P_, then there is ne contact region and the angle KIJF would
ke given by:

{d.14)

st
Sin (KEJ)= sin T'l= a/R C e
this case y is obtained by substituting Il for T in equation
+.5. h is given by:
h=k,/¥y cew {4.15}

A Ilow chart for the calculation of b using the analytical model

iz presented 1n fiqure 4.7,
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"he Tesu:its obtained by calculatiens csing the anatiption:  =cdel
sor moli surfaces with uniform V grooves are prescntea .o Chis
sectian. The effect of y;, a, B, a and o on the variatien of h
w1t prassure are presented in figure £.3. Figure 4.8z2 gives

the wvarlation af h with pressure for two values ot g (8 & 1077
~4 mm). In figure 4.8b the variation of h with
rrassure  Ior twa values of the advancing contact angle @ {(160°
]

and  170°, is given. Figure 4.8c gives the variation of h with
pressure Ior three values of § (30*, 45° and 60"). Figure 4,8d
gives The variation of h with pressure for fcur values of the
aalf mouts width a (0.01,0.03, 0.12 and 0.2 mm). The effect of o
on the varlation of h with pressure is given in figure 4.8e, for
twa values of ¢ i.e. 0.6 and 0.840 N/m. The values used for +he

4

<zlcoulaticn of R in the analytical maodel are given in Tablis 1.:,

Table 4.1

Data used for the analytical estimation of h.

Yariakle symbol Value
‘nermal cornductiviky of air ¥ 0.024117 W/a K
dax interfzcial heat transfer o N 28300 mezg
coeffigiart 2093.5 W/m*E

surface tension of aluminium o 0.5, 0.84 N/m

Senl apex angle of groove 8. 30°, 45°, &0°

“alf width of grogve a a.01, 0.03,
0.12, 0.2 mm

Advaneing contact angle a l160*, _170°¢ .
Prassure Py~ (Pg+Py) P I1x 107 - 101x10° Pa
71
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Giiow

~gn-entry of liguid metal 1n*o the groove. When

|
Tme  results obtained in the fernm or & as a0 “unction of prassurae

two distinct regionsr The regicp +B- P.;corresponds to the

{P>P_} the

=

iiguld metal enters into the groove as shown in filgure 4.3.

-

The general trend in the variation of h with increase in pressure

:n all the cases studied is the same i.2., h rises

is

reached. The increase in b is rapid when P is just above P.

s slowly ti1ll F_

o)

- ] - . ]
and with further increase in pressure 1t becomes asymptotic with

the value of hp... This limiting value ho.. 18 dependent on the

vzlue o©

4% low walues of pressures (P<P.}, the ligquid metal

f ve-

2lings to khke

tecp cerners of the grooves. A large gap exists between the

tigquid metal and the moid surface and this results in low values

2f  Th.

The small increase in b W

‘itz increase in P when 2<P. i=s
e

cenly due te the changes in the curvaturs of <the liquid metzl

profila

asscciated with the changes in pressare. Cnce the

pressure reaches P,, the metal starts agvancing inte the groove,

Tesulting in a reducticn in the gap and hence, an increase in the

“alues of Hh.

dapproaches the limiting value 3 -

4.4.1.E

Figure
i.e

r

Tesults

ffect of yy on h:

4.8a shows the variaticn of

8%x10™% mm  and 120x1J”% mm.

in a higher value of h at

With further increase in- pressure well abaove Pc' h

which is determined by Yge

h with P for two values of Yf

decrease in the value of Ys

e

ai. pressures. Since P de-



1N

= ik e 1 ek w

b
II

naz only an the geometry of the grocove, vy aaees not nfluence

The equivalent air gap is Liuen by

Yoq = Y 1Y (wien P<p_) . (4.16)

;!

Yag Ye {when F>>P.]) cae 4017

Fron the equations 4.16 and 4.17 it can be seen that for a given
cnange in Yy the change in Yaq is less wnen P<P. compuared to the

cnange when P>>P_.
4.4.2.Effect of z on h:

The wvariation of h with P for twe values o o i.e. 1607, 170°
@re shown in figure 4.,8b. From *hese results, it is seen that
with an increase in advancing contact angle a, the critical
pressure required by the metal to enter inte the groove also
increases. For maintaining the higher value of x, the radivs of
tre liguid metal has to decrease an this vrequires a higher

Crassure, This ewplains the increase in critical pressure  with

increase in .
4.4.3.Bffect of £ on h:

The variation of h with P for 3 valides of B (30°, 45- and 0 is
SN0Wn in figure 4.8c. It is seen from the figure that with an
increase " in £, the critical bresgures reguired for the metal ¢to
&nter ingo the groove decreases. This 1s due to the fact that
“ith a larger value of g, “he radius of the ligquid metal required

70r attaining the advancing contact angle is also larger. From




-
-

snLatlon 4.2, it is seen that a larger)radius 2r  i.geid aetal
I

L3 y
srofile ccocirs at a lower value aof presswrn+

with an ipncrease n 8, thoe
- i

of h oelow the critical pressure increases. This is

wrom figure 4.8c, it is alsc seaen that

walye lye—
cause for a constant value of a, increase in 0 causes a decrease

in the decth 4 of the groove as shown in the insert in $figure

2. 8C.

4.4.4. Effect of a on h:

The wvariaticon of h with P for fcour values of a (0.0%, ©.03, 0.12

and 0.2 mm) 1s given in figure 4.8d. Frem the figure it is seen
that B, decrgases with an increase in a. With increase ia a, the
metal reaches the advancing contact angle at a lower wvalus of
pressure 1i.e. the ecritical pressure is decreased. With an in-

crease in a for a constant value of 8 there iz a3 wider ana

deeper gap as shown in the insert in figure 4.8d anZ hence the

value of h kecocmes lower.

4.4.5. Effect of ¢ on h

Figure 4.8e shows the variatien of h with P for twe values of o
l.e. 0.6 arnd 0.840 N/m. An increase in ¢ causes an increase 1in
the wvalue of P_. The radius of the liguid metal procfile just
before entering into the groove is determined by the value of o.
When the value of ﬁ‘is fixed, the required radius is attained at
a2 higher pressure when ¢ i=s higher as seen from eguation 4.3,
is also Seen‘ from

This explains the increase of P, with ¢. It

figure 4.8e that the valus of h at P. is the same for woth

77
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P .

: l
" 1 1 -1 -
waiues af 0. This occurs because the liculao|metal mrofiies at

with

1]
]

—ne  critical pressures are identical 1n both The cas
|

sif7erant values of a.

in alloys, ¢ varies with temperature and the additien of alloving
alements, The change in ¢ with temperature 1s alsec associated
w1ihh a change in the wvalue of a. Determination of h in actual
cziculaticns sheuld take these aspects into account as  in  the
cese of determination of h in stagas I and II. Determination of

E in stage I should also take intoc account the increase o F

assccliated with pouring in the initial stages.

The thermal conductivity k of the gas mixture in the gap doeas
not have any effect on the profile of the liguid metal or on  the
value of Yeq* The wvalue of h varies in direct propcrti?n to  the
wnange in k since h = k / Y- From the above discussions, it can
2 seen that the actual wvalue of h depends on the equivalent air
322 thickness c¢orresponding to oxide filns Yo the advancing
contact angle e, the two groove configuration parameters narmely,
nalf mpouth width a and senmi apex angle f#, surface tension ¢ of

ne  ligquid metal and the thermal conductivity k of the gas mix-

-ire in the air gap,.
I 4.5.ANALYSIS OF COMDINATIONS OF UNIFORM GROOVES:

L

‘12 results obtained using the analytical model show & sharp
“hange in h when P lies just above P, but in practice the varia-
tien of h with P is more gradual [47,63]. The reason for the

Sharp wvarjation in h with P obtained in the calculations is due



.5 the assumption of geometrically reguiar and unlr%rm grocvas on

m0ld surface. Real machined surfaces de not have this Jgeo=
I
-stric regularity. A typical machined surface 1s shown 1n rfigur

It —ne

| 4.0, The actual profile consists of undujations or the surfoce

and  thals can be treated as a combination of primary texture,

seccndary texture and error of form [103}. The difference be-

-..man thess textures 1s the wavelength of the undulations as segen

-~ the figure. The primary texture is cepstituted by <oarse
*

crooves and the secondary texture is ccmposed of fine grooves.

R ~~a individual greooves on the machined surface have a range ot

s=lues for a and f and the individual grooves have dicferent

i 1

-1
¥ +aluas ©F h. Hence, mald surfaces can be analyzed by treating

-nem as combinations of uniform grooves with thermal resisT-

snces in parallel or in series as shown in figure 2.10. actaal

tion of coarse
]
=recves with finer grooves superimposed on them, neglect.ng the

-5ld surfaces can e treated as a random comilna

ETIC

:_ evror of farm.  The effect of error of fora with a large wave-
iﬁ: lergth can be neglected in heat flow studies as the value of f
:§' aszmoclated with it 1s large. In such a situatlicn, the neast Llcw
ai' 15 gcsntrolled enly by the primary and secondary textures.

.?a, 4.5.1. Grooves with thermal resistances in parallel:

=E- The actual grocoves Cn the mold surface can pe grouped Together
&;' hase@ on the wvalues of the groove parameters a and 8. At a given

£ Hressure, 1f grooves having mouth width 2al and apex angie 201

have a walue hl and cover an area ll, grogves having mouth width

3 79
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=az and aper angle 202 have 2 dglue h2 and wvover an area Lz and

sz on, then the overall wvalue of b is the welighted averags of
}

-~e h vaiues of these individual sets of groeoves. Figure +<.i0a

shows two sets of grooves where hl is the heat transfer caeffi-

clent over an area 11, h2 is the heat transfer coefficient aver

an  area 12 a%c.,. If there are n types of groovas having «rcove
=) 3

parameters a;, a5, --. 2 B, Par - B, ete., then the overall
value of h can be given by the weighted average value of h i.e.,
» .

hilil+hz2lz2+—-===+hnln Ehili
= ---- —e. [4.18;

11+12+==——————- +1ln £l

Fiqure 4.11 gives the variation of h with P for two sets aof

grooves with thermal resistances in parallel. The variaticon of h
w4ith pressure for individual grooves is also 1included 1n the
figure. The variation of h with P shows two steps corresponsing

T the values of Pcy and P., , the critical pressures of the twe

constituent grooves, When P.; is reached, metal enters the first

set of groccves., When P increases further and reaches P.o, metia:

anters grocves of type 2 as well. Thus the net value of h is the

combined effect of the two types of grooves. The result 1s  an
additicnal step in the variation of h with P as shown 1n figure
a.11.

4.5.2. Grooves with thermal resistances in series:

The machined surface of a mold can be represented as a set  of

coarse grooves with fine grooves superimposed on them as shown in
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flgqure 4.10b. In this gase, the interfacial hgat transfer coeffi-
1
sient can be determined as:
i .
1 r [
1/h = 1/hl +1/h32 s, {4.19)

where hl' =hi (yg/2) and h2 = h2 (y;/2)

hl (yg/2) rTepresents the valus of hl obtained by using a value
ye/2 For the air gap equivalent of oxide and other films. The
parameter k2 (yg/2) 1is defined similarly. The wvalue of yg
*
chosan  for each type of groove is taken as half of the neminal
value of y? because the resistance aof fine and coarse grooves are
in series and the sum of the individual values of Yei2 associat-
¢d with each type of groove would yield a net value Y- Figure
4.12 give=s the wvariation of b with pressure when two types of
grooves are present on the mold surface with thermal resistances
in series. The variation of h with pressure for the individeal
grooves are also included. The variation of the averall wvalue cf
b with P shows two steps at the two critical pressures P_; and
P., of the constituent grooves. The step ariszes bacause initiai-
v the liquid metal enters only the ccarser grooves. When the
critical pressure corresponding to the finer grooves is reached,
liquid metal starts entering these finer grooves as well result-
g in the second step in the variation of h with P, The
Presence of steps in the variation of h with P in figures 4.11
And 4,12 indicates that by considering more types of grooves in

Fhe calculatiens, the variation can be expected teo Dbecome nore

9fadual without sharp changes in h.
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4-5.3. Random combination of grooves:

fhe results of a random combination of grooves on the wvariation

™

sf h with P is presented in this sectien. A set of grooves with

different parameters chosen fer analysis is given in Table 4.2

ant variation of b with P for this comkination is given in figure

$.13.

Table 4.2 ,

Groove paranmeters for analysis of random combination of grooves
-

g0 aimm) P, Series(S) Weightage
(» 10° Pa) or
Parallel (P}

45 0.35 0.010 P 0.2
&0 0.0287 3.051 P’ 0.2
&0 0.0:14 0.104 P 0.2
a0 0.0028 0.520 P ’ 0.z
45 0.0035 1.014 P 0.2
60 0.000287 5.083 s 0.5
45 0.00035 10.145 S 0.5

The calculations are carried out with a = 160° and

g = 0.84 K/m.
From figure 4.13 it can be seen that the value of h does  neot
Change significantly with pressure until the lowest value of

Critical pressure of the chosen grooves is reached. Wikh further

lncrease in P, h rises slowly and then reaches the limiting wvalue

B5 B
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The wvariation of h with P i1s gradual in figure 4.12 as
swpected.  The rate of increase of b with P depends an tie actual
se» of grooves selected. In figure 4.13, the variation of h with
» for a groove having a =0.025 mm and § = 62*' 1s 1ncluded for

comparisen which shows the same range of wvalues of h with P as

-z randeom c¢ombinaticn of grooves. The agreement bhetween the twe

-urves is not satlsfactory. The range of groove parameters used
r the random grooves ils guite wide and a single egquivalent
grcove showing the same variation of h with P cannot be obtained.
curther, the range of pressurses used in the calculations is also
quite wide. When the range of groove parameters is not wide and
when the range of pressures used in the caleculations is ncb guite

large, an egquivalent groove showing a more satisfactory agreement

can De expacted.
4,6, VERIFICATION OF THE AMALYTICAL HODEL

The analytical model 1s verified by i)ceompariscn ¢f the calcuiat-
ed and experimental liguid metal profiles obtained by pouring
liguid metal against a c¢hill with a known surface profile and ii)

comparisen of calculatad variation of h with pressure with the

el

oxperimental values published in literature [47].

4.6.1 Comparison of calculated and experimental liguid mnmetal
profiles ’

The results of the analytical medel are verified by pouring

castings of LM 6 alloy against flat chills having parallel WV

nrooves. The mold profile and the liquid metal profile cbtained

aleng  +two corresponding lines on the mold and casting are shown
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in figure 4.14. The two profiles show a satisfactory match and
the liguid metal profile shows a radiue as expected. The drccve
parameters a and g for a féu grooves on the chill surface and the
radius of the casting surFface corresponding to these grooves are
measured from such profiles. The radius of the casting surface
corresponding to the groove pafﬁmeters is algn Bbtained by calcu-
lation. The calculated and measured radii on the casting surrace
aTe given in Table 4.3. The agreement between +the calculated
and imeasured values of radii is satisfactory and this valiiftES
the assunption reéarding the shape of the liguid metal‘%;inle:
L

4.6.2 Comparison of calculated apnd experimental values of h

The variation of h for aiuminium reported by Davies [47] for
values- of pressure in the range of 0 to 0.5 x 102 ©pa agrees
closely with the shape of the curves obtained by the model as
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, o = 170", 4 = s0*, g = 0.840 N/m,
hpax = 2009 W/m? K and K = 0.0241171 W/m K.

™

This shows that an appropriate choice of the above parameters can

Jive satisfactory agreement for the variation of h with Pressurgey,

Y of

when the range of applied pressures is not large.
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?ablé 4.3

. 1
Compariscn of Bonleulareg and Rpeasureg values
(e = 1707, 0= 0.840 H/m)

il Ranp1 (M@} Rneasured (Mm} * deviatian
_________ S
68 J.58¢% Z.645 11.23
65 J.680 0.78 14.82
70 0.624 .56 =11.42

4-7.ANALYSIS OF RANDOM MOLD PROFILES

The work in this section consists of three parts :
4. Generation of mold roughness profiles

b. Generation of liguid metal profile over the rough surfaces

. Determination aof h
4.7.1l.Generaticn of Rough Surfaces-Fractals

The word “fractal" was coined by the French Mathematician Benoic
Mardelbrot [104]. A fractal is an entity which is invariant
under a scale transformatien. & typical example is a coast line
which presents a similar appearance from a wide range of alti-
tudes. Another example is a mountain range which shows the same

type of undulations when viewed from various distances.

4 machined surface, strictly speaking, is not a fractal surface
because it is not scale invariant under all magnifications. The

hethod of fractal generatien can still be used o generate sur-~

4

———— . N ——n —_—r—a
—_— - ——————— e L - T —— . — ry



L
|
face: that resemble machined surfaces.! & simplinied methed for

1

wenerating fractal surfaces [1041 toC rebresent the geometry of a2
= L

sachined surface is described belew and a flow chart ifeor  the
1
1

determination of h using the random mold preflle model is given

in figure 4.16.

4 straight line AB of length x; with two fixed erd point A and B
1+ chosen as shown in figure 4.17 (stage 1]. Thiz line lies
along the X-axis and the Y-axis is taken perpencicular te it

The midpoint D of the line AB is displaced in a directicon along
the Y-axis by a random value in the range —CXg to + <Xy, where c

is a constant. The value of this constant determines the rough-
ness of the profile generated. By the abova procaedure, 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 ars aéain similar
1y displaced along the Y-axis, by random wvalues in the range

~Cxq/2 to +Cx /2 thus generating ¢ segments AE,ED,DF and FBE
(stage 3 in figure 4.17). Typical results for 4 stages are also
shown in figure 4.17. The profile shown 1n stage 4 represents a
fourth generation fractal. An eighth generation fractal is

obtained ky repeating the operation 8 times and the resultant

fractal is shown in figure 4.185.

A fractal is an abstract entity. Therefore, scale factors can ba
chosen for the X and ¥ axes as desired. The selscticn can be
done 1in such a wav that the fractal resembles a real machined
surface. Using these scales, the Root Mean 3qguare (RMS} value of

the roughness of the fractal surface generated can be determinad.

a1
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Tort compar.ison, an actual surface profile optained using a stylus

‘msTrument LS also given in Sigure 4.18. The profiles shew oo

significant difference  anc  =ay be treated as  siniiar. The
ac=ual fractal surfaces generated can have a wide range of ofy

~255 waluas for a given wvalue of ¢ and a few trials have <o »2e

rarformed tTo obtain a surface preofile with the desired rougnness.

4.7.2.Generation of Liquid Metal Profiles

.
The liquid metal profile in contact with the meld surface has =z

Ll.

radius given by equation 4.3. If the liguid metal profile :s

drawn with a radius teuchirg all the sharp upper corners ¢f zhe

mold, +then this would lead tc¢ unstable confilgurations. Figure

4.i19 shows such a situation. The configuration shown in figure

4.1%a shows the liquid metal profile obtained by drawing two arcs

46 and BC of radius R correspcnding to a pressure P touching  tle

unscTa-

nold profile at points A, B and C. This configuraticn is

nle since it does not have the least liguid metal surface area.

5L more stabie configuration can be obtained by drawing an arc ol

igur

Ht,
|4
ik

~he same radius R touching the peoints A and € as shewn in
4.19b. In generating liguid metal prefiles in contact with ths
wold surface profile obtained by the method of fractals, It 1is

TeTEL

necessary to take inte account the stability of the. liguid

profile, Further, the contact angle should ke mainktained aT the

vaiue @. The procedure for generating the liquid metal grefiie is

as follows:
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The radiu4 of the liguid metal 1is cajculated using

pgLEATICN +.3.
i

The farthest points on khe mold surface profile are cennect-
ed by an arc of radius R such that this arc does not cut

across any other point on the mold surface.

The arc iz drawn such that rhe sloping wall of the groove
makes an angle a [(the advancing conktact angie) with the
| ]

tangent tc the arc at the point of contact.

if tHne ecndition of the contzect angle is not satisfied,
then the arc of appropriate radius is drawn Jjoining the
farrhest asperity peints on the mold surface such that the
arc do=s not intercept any other points on tae mold
sur*aca. This siltuation would occur for the groczves faor
whicn the applied pressure 1s less than th; gritical

f
pressures.

A computer Erogram is developed for determining the liguid retal

nrofile and this program autematically checks the stacility of

the configuration. A typical set of liguid metal profiies for 2
given mwcld profile at various applied pressures *is shown 1n
figure 4.20. The values used for the generaticn of mold angd |

liguid nmetal profiles are presentaed in Table 4.4.
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Tahlae 4.4. Data uséd for the astimacicn of B
with a flractal surface.

Jariakle ! Symkol Yaiue
Surface tension oI T 0.34 N/m
ARluminium
£ Advancing Contact ang.e fed 160°
. Fractal generation &
1
A
3 R.M.3. Value of Mclé Zcughness lo o m
" generated
i
L .
- Pressure differencsa _
£ Py - { P+ Py ] P (1 -10%)y = 107 Pa
1 Ccnstant c 1.5

4.7.3.Determinaticon of h

The value of the gap thickness y; 1s measured at each location 1

along the X-axis. This 1= Z=z<ermined by counting the nurber of

rixels between the mold and xmstal prcocfiles on a conputer graphic
monitor and multiplving it v the scale factor. The eguivalent
gap thickness due to oxide fi1lms ye is added to each neasurement

2nd tThe eguivalent ap Tnicrness iz deterrined aover the
d gag Yeg

entire profile using the relzacion:

1 1 n 1
Co= T ce. [4.20%

}'eq It i=1 Yl"‘}'f

where n is the numher of points measured.

The variation of h with prassure for a fixed mold profile having

a roughness of 10 pgm BMS is shown in figure 4.21. A linear rela-
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ticn can be obtained between lng\h vs log P as shown 1in  the
[

figure.

4.7.4.Varification of Random Mold Frofile Modal

The results of Hishida and Matsubara [63] showing the wvariation

of it with P are replotted using units chosen in the present work

in fiqure 4.22. These results are superimposed on the simulation

results obtained using a roughnese profile with an RMS value of
]

1¢ microns. The agreement is satisfactory considering the extent

of scatter in the experimental and simulated results.

The wvariation of h with pressure in the results of HNishida and
Matsubara [63] show a sgquare root relationship while the results
of Davies {47] show a saturation value. The differences in these

two behaviors can be explained as follows:

The results of Davies are based on low values of pressure while
the results of HNishida and Matsubara are based on very high
prassures, From the model, it is seen that the combination of
grooves on the zurface affects the variation of h with pressure
and that at low pressures, the secondary texture will not affect
the wvalue of h. In other words, the secondary textures can he
treated as an increase in the value of Ygo With higher pres-
sures, nnwevef, 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 te the .low critical
pPressure. Here, smooth surfaces have very fine grooves with low

value of a and they alone are responsible for the wvariation of h.
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Sinoe the tvwpe of mcld surlace pregparatlon 15 net
E .

L1th pressure.
sievarly explalined oy Davies or by H¥isnida and Matsubara, 1t 1is

sarface and  the

Fh-

asumed that the former has a normal cougn ™ol

e
[y

iatzer has used a smooth polished machined surface For the mold.

4.8 BUMMRARY

In this chapter, the variation of h with time at =he casting/mala
interface 1n one dimensional heaE flow is ciscussed. The kotal
duration cf the variation of B with time at the c¢asting/mold
interface is divided into 3 stages— stage [, withh a high Fluctu-
ating value of h, stage II with a steady walue and stage IIT wizth
gs1-her an increasing value of h due to increase in contact pres-
sure or decrease in h due to increase in the alr gap between the
casting and the rald. The variatien of h in stage III is deter-

nined by the casting geometry. Though there are fluctuaticns in

the wvalue of h in stage I, a mean value of h can be found based

—

on the metaiicstatic head associated with pouring. The value of

¢ ard & based on a nmean temperature in this stage should be used.
~ha determination of the mean value af h in stage I and the
steady wvalue of h in stage IT is determined by the procedure
descrited in this chapter. The anglysis is carried cut for twe
types of mold profiles: 1. a mold profile consisting of a combi-

nation of unifora V grooves, and 2. a mold prefile generated Dby

rma methed of fractals. The casting surface profile which is

feroed when the liguid metal comes inte contact with the mold

surrace is medeled in this chapter from a consideration of the

surface tensien of the liguid metal, metal lostatic pressure,
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aavancing  contact angle and parameters a and g relating to  the
irocove.  The presence of oxide and other films on the C?Etinq and
mold  surfaces is included in the model in the form of Iah add:i-
tional . air gap of width Y¢ between the casting and the mold.
Expressions are develcped for calculating the value of h at a
glven pressure for a glven set of uniform V grooves. The wvaria-
tion of h with P 1n this case shows a low value of h at leow
pressures until a sritical pressure-PC is reached. There is a
step in the value of h corresponding tao P. and with increase 1n

Eressure heyond P-, b rises steeply, and then rezcnes the value

of D ., asymptotically.

h varies with P gradually in the case of real mcld surfaces.
This 1is due to the presence of a large number of greooves having
different parameters a and §. This situation is modelad by
assuming that the mold surface consists of a randon czrmbination
of unifbrm grooves. The overall thermal resistance of a random
ccmbination of greoves is cbhbtained as a series/paraliel combing-
tion of the thermal vesistances of the constituent grooves.

Analysis of the interface generated by the method of fractale is

carried cut on a computer wsing numerical techniques.

The analytical wmodel is verified- by comparing the predictsed and
actual liquid metal profiles formed against a knewn mold profile.
Satisfactory agreement is obtained in regard to the calcoulated
and measured radii. By selecting a set of suitable values for
the varicus parameters used in the model, the variation of h with

P vary close te that reported by Davies [47] could ke obtained in
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case of the analytical model. By using a wide range of

|
cressures  with a mold surface of roughness 10 um RMS  and
mathod of fractals,

using
the variation of h with 2 clgse tao

regorted by Nishida and Matsubara [63] could be cbtained,
results

the

that
indicate

Thesea
that the model developed in

this
saxtisfactory.

chapter i=s
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CHAPFTER 5

EXPERIMENTAL DETAILS

rhe  details of the experiments carried out ta determine the

cnterfacial heat transtfer coefficient h in one dimensional hear
tnt

rlow are described in this chapter.

The experiments carried out are rategorized as fullows:

2) Experiments with a constant metallostatic hpad
- . -. - -

) Experiments with a receding casting intarface

Tne effect of metallostatic head on h is investigated in the case

ot experiments with constant metallostatic head. The effect of

metallostatic head, sprue height and ingate size on h are inves-
tigated in the case of experiments with a receding casting inter-
face. 1In these expaeriments, the effects of chill rouéhness ang
insulating mold coats l.e., fireclay and alumina on h are
studied. The details of the exgerinental arrangsments are
Tuszed below. The arrangemant o measure the change i1n the =size

9f the air gap in 2 receding casting interface ewperiment is alsc

described.

5.1 EXPERIMENTS WITH CONSTANT METALLOSTATIC HEAD:

S.1.1.Materials used:

Alloys: Thrae alloys are used in this investigation namely

M &, M 24, and binary A1-2.7% L1 alloy. The composition of

the alloys are given in Tabls 5.1,

The alloys are obtained in incot form and used directly for

Aelting.

10a



Table 5.1 Composition of alloys usad in the axperiments

AL .OY ¥ Cu 351 My TMn EF 31 Al

MoA - 11.453 0.0%9 - 0.s10 - Balance
LM 24 3.58 9.50 3.10 0.17 0.79 - Balance
Al-L1 0.003 - 0,108 0.012 0.128a 2.7 DPBalance

Crucibles: Clay/graphite crucihies of size & 20 are used for

nelting the alloys.

fluxes and Degasser: 1. Coverall-11, a proprietary flux supplied
M/5 Greaves Foseco is used as a cover flux during melting of

[M 6 and [ 24 alloys.

Z. QCoverall-3ie A, a proprietary fiux supplied by M/s Greaves

Feseco is used as the modifying flux for LM & allaoy.

3.LiC1+LiF in the ratio 1:1 is used as a caver flux in tha mel+®t-

ing of Al-2.7% Li alloy.

Cegasser: Dagasser -190 , a proprietary degasser supplied by M/S
Greaves Foseco 1in the form of tablers welghing 50 gms each is

used for degassing IM 6 and LM 24 alioys.

Gas: Argon gas is used for Providing an inert atmospherae during

the melting of A1-2.7% Li alloy.

Molding Sand: Synthetic green mclding sand containing =ilica
fand of AFS graln fineness number 55 is nzed for preparing the
mclds. 6% Sodium based bentonite is used as binder with 4%

1G7
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zeisture.  The sand is nulled in a laboratsry mul'er besohg  +he

srecaration of the pelds.
5.1.2 E¥perimental set-up:

*he  experimental set-up consists of the chill and mold Assen-
blies, and molten metzl is poured into the asbestcs  lined mold
cavity. The time-temperature data frem the set-up 1= ocbtaines
rrom thermccouples whick are inserted into the cnili and moid
assembly at appropriate loccations. .The cutput of ke thernocou-

ples is fed intc a Qata acquisition system. The digitized

temperature data from +the data acquisition system are fed ta 2

ol P
T v-r-rl-h.ﬂ:,‘. o A

personal  computer for starage on the hard disk. & schematieg

arrangement of the set-up for the determination of k is shown in
figure 5.1. The procedure for assembling the experimental set-up

iz described below.
5.1.3.EXPERIMENTAL PROCELDURE:

The segquence of operaticns ror performing an experiment are given
below:

2. Preparation cof thermocouples

b. Preparaticn cf the chil] assembly

c. Preparaticn ¢f the mold assambly

d. Assembling the exparimental set-up

e. HMelting ard pouring

. Temperature measurement.
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4

“reparaticn of thermocouples:

2.

snromel-alumel  wires of sice ZB SWG apd of adeguats :ength  are

vned for making the tShermocouples. A thermococuple bead s Tormed
5y twisting the ends of the wires with a pair of pliers and
welding this end by an electric arec in a gas atwosphere consist-
ing ef a mixture of hydrogen and nitregen. Twin bore porcelain
ceads having an cutside diameter of 3 mm and a length of 28 wh

are used for covering the full length of the thermecouple wires.
L}

L3

. Preparation of the chill assemblv:

-

A2 ¢ylindrical cast iron chill with dirmensions as shown 1n figure

5.2 is used. The composition of cast iron used for the c¢hill is :

C - 3.45%, Si - 2.45%, Mn - ¢.5%, P - 0.1%, S - 0.08%

Twe thermocouples are inserted intc two holes at locations A and

5 mwarked in the figure. These holes are drilled toc a Jepth of
2mm on the side of the cast iron chill, Polarity of each thermo-
cocuple wire 1s  checked and markeZ before insertion inta the
chill. The thermecouple bead is pressed against the end of the
fole and held in place by self setting cement placed on the
cutside, This prevents the thermcocuples from getbing loossened

from the chill during the cocurse of the experiment.

The ‘procedure For preparing the szeceth uncoated chill is  as
fsllows, The surface of the £hill which ceomes into contact with

molten metal is first obcained kv fine turning on a lathe.

Before each experiment, the chill surface is cleaned and polished

i1a
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~ith 4/0  emery paper before each experiment. Alr 1s olown to
romove the dust particles sticking on the surface. It 15 wiped
zlean with cotton an then cleaned inm a s¢luct:ien of  diiute  HCL.
It is then washed with water, dried and placed 1n a mild steel
ring. This ring has a slot for allewing the thermocouple leads.
The annular space between the chill and the ring is filled with

ceramic wgool taking care to see that the flat surface of the

ch1ll is  left  cpen. The chill assemily apgears as  shown  1n

- »
figura 5.3.

Freparaticn of the mold assembly:

A cylindrical wooden pattern of 50 mm dia is used for forming the
mold  cavity. This pattern 1is wrapped with an ashestos fiber
board (3mm thickness) of required height. It is held tightly in
place by using a short length of binding wire. The pattern with
the asbestcs sheet around it is located in the meld box zuch
that it is aligned with the holes drilled in the aold bex for the
thermoccupies, Cylindrical pipes of 150 am dianeter sut  tc  the
required lengths are used as mold boxes. Green molding sand is
then rammed arocund the pattern. The pattern is then renoved
leaving <the asbestos fiber board in the mcld. Holes are then
pPierced in the asbestos board with a sharp tocl forv inserting the
thermocounles. The details of the meld assesbly for constant
metallostatic head experiments are shown in figure 5.4a and a

Photeograph of the mold assembly ready for pouring the test cast-

irng is shown in figure 5.4b . Three casting heights- 100, 125, &
200 mm are used in general experiments. In additicn, two axperi-
112 )
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~ents are pertormed with M 5 and LM Z4 alloyr anﬁ W“lth 4 casting
|

' . h

qelant of 300 mm ¢ find the limiting value 9t h _.e. The

max’”
-~1l1 assembly 1s placed at the bottom of the =zcig and the top
end is kept open cto the atmosphere. The meld assemoly has
thermocouples at lccations € and D at distances of 1¢ and 35

-1 respaectively from the chill end of the mold.

i. Asseubling the experimental set-up:

L}
The thermocoupie beads are inserted in the mold and the free

onde of the wires of the thermocouples are fixed to a connector
Block which in turn is electrically connected tc the datza acguli-
sirien system with a 14 core shielded cable. After checking the
polarity of the thermocouples by heating the bead, they 2re
inserted into the hoies in the mold. Care is taken to ensure
-hat +the bead i= located at the center of the mold cavity and

chat it dces not hinder the casting mevement due to contraction.

The Tcld azsemily is aligned preopecly con tep of the chill assem-
bl The thermocouples from the chill are alse connected Lo a
cacond conmector blogk which, in turn, is connected to the input

ter-imal of the data acquisition system using ancother 1ls  care

shielded cable.

The data acquisiticn system 570 manufactured by M/s Advanced
Micronic Devices Pvt. Ltd., 1s used for recording the time tem-
perature data from the chill and the spolidifying casting. It has

a 12-bit A-D converter and hence has a rasalution of 174096 of

the full range of input. The data acquiszition system is shown in

11




Jigure 5.5. The specificatians of the sysTom are given in
L

|
|
1

ine data acguisiticon system 1s sSet for an i1nputr In zhe ranqe ot
0-50 =¥ which Is suitakle for use with chromel alume: therﬁccou-
ples. The data acquisition system has provisicns for connecting
inpuis in  the differential mede or single ended wmode i.e.,15
cnannels for input in differential mede or 32 channeis for input
in single ended mocde. The differential mode I5 used in  the
aresent set of esperiments because it Ras @ common mode rejectian
Ly which stray signals can be eliminated. The system has a
built~in mulktiplexer which cheoses one channel at a time for
digitizing the ingut. The data acquisition is controlled by
software developed in the present work, which is run on the per-
scnal computer. The outout from the A-D converter is stored an
the hard disk of the personal computer. With these preparations,

the setr-up is ready for couring.

Table 5.2

Specifications of the data acquisiktion systenm

Interface ! Custom parallel bus

Analog input capacity 32 single ended or 16 differential
input channels

Input impedance : > 100 M 0 in parallel with 1000 pF

Comman mnde rejecticn =20 dB at &0 Hz

Full scale input : 12 ranges, *2.5 mV to £10V

X1, ¥10, X190 Switch selectable

X1, X2, X5, X10 Software selecktakle

Input tanges : = 10V,5V,£2.5V,0 to 410V, O to +35¥
switch selecktabls

Resolution : 12 bits {1 part in 4096)

Maximu:n sampling rate 31.4 k samples per second

Input noise 30 4V p—~p typical, 0.1 to 10Hz

lon-linearity * 0.025% FSR

Adccuracy ; adjustable ko *1 lsb/range

+u

Gain selection

s sy
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-. Melting and pouring:

The alloys are melted in a 7KW, 10CO0 T ’electrical regsistance
curnace shown in figure 5.6. In the case of LM & and LM 24 al-
ioys, the alloy ingeks are cut inta =maller pileces and placed
in a clay/graphite cruciblg of =ize A 20 leocated in the furnace
and +the cover flux, Coverall 11A, is added. Caverall 1l 1=
alsc added durineg the time of fresh metal additiocn te  ensure
rhat the metal always remains under flux cover. When the metal
:g melted completely and the reguired temperature is attained,
«he crucible is remeved from the furnace and is placed in &
-uitable helder for pouring. The dross on the surface of the
iiguid metal is skimmed off with a preheated tocol. The tempera-
ture of the liquid metal is determined using an immersion pyrome-
wer. When the metal reaches the required temperature of degas-
zing, it is skimmed arc then degassed Dby plunging crushed and
dried tablets of Degasser 1%0. In the case of LM & alligy, the
modifying flux, coverall 36A, is édded after degassing. WwWhen the
temperature of the molten metal reaches the reguired pouring
temperature, the data acquisition system is switched on and the
metal is poured into the mold. The data is recorded for a period
af 6 minutes for each experiment. The degassing and pouring

temperatures for the alloys are given in Table 5.3.
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FIG.5.5 DATA ACQUISITION SYSTEM.
1. A/D Converter

EIG.5.6 FURNACE USED FOR MELTING.
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Table £.3. MHelt treatient temperatires

Alloy Cegassing Pouring ModiZication
tanp. °C temp. °C teme. "0

LM 6 750 700 730

LM 24 21¢ 7e0 fno modification

Al-Li rco degassing = ne nodification

- i . - .
for the Al-2.7% Li alloy, melting is carried out under a flux
cover cansisting of a mixture of lithium fiuoride and lithium

chleride in the ratic 1:1. When the melt attains a temperature of

750 "0, it is taken out and neld for a pericd of 6-B minutes and

then pourad inteo the wold under an argon das  Cover malintained

using a mwmetal hoed over the crucible. The plunger used for

treazing thwe alloy is preheated tc a tampersiture af abpout 129 °C

before using.
f. Temperature meascrement:

Temperature measursments from the chill and the solidifying cast-

ing form the basis for the determinaticn of the interfacial heat

transfer cocefficient h. The temperature data from the thermocou-

plas is recorded using the data acgquisition system. Tec enhsure

reliable data acguisiticn, the thermoccuples have to be properly
calibrated.  Further, the sutput from the thermocouples 1s ob-
tained in the form of counigs from the A/D converter by using a

software develeoped for this purpose.

1118



calibratian of the thernocouples:

-]

sarthration of the -thermcoccuples is carried -cut at TwWwo  Temgpera-
cures 1.€%, 100 °C corresponding to the koiilng point of  water
and 660 *C corresponding to the melting point of pure aluminiom.
"he mll%ivslt readings measured using *the thermoccuples are
compared  witn the standard values reporTed 1n thermooccunle data
sheets anéd converted to temperature wvalues. The difference
tetween the temperatures obtained by measurement and the standard

value iz found te ke less than 2°C.

i1) Gata acguisition software !

hata acquisition is carried cut using a preogram written in PASCAL
and 1is con®rolled by pressing a key on the key beoard of the
PC/AT. Wher the necessary command is issued Zor data acguisition
by the scftware, the channel number and *the ccunts for that
channel are cbtained. The software 1ls written such thatlonce The
time for data acguisiticn 1s reached, all the four thermoccuples
at locatiens A, B, C and D are read seguentially. The next sat
of readings are taken after 0.5 seconds and tne values of the
areg

counts Corresponding te the mY cutput of the thermocouples

obtained. ~The time, channel number and the counts are then

stored in a file in the hard disk.

The data file containing information on time, channel number and
counts is then fed as an input file to another program tc convert
the counts into temperatures. This conversicn is performed off

L.

line to ensure that there is no time deilay due to conversion

1z0




.ering data acguisition. A lcok-up table with tenperature iMTEr—

snis of %0 *C from O to 1000 °C is preparcd using standarg ther-

~s:zcuple data sheet and is fed inte the ccmputer Drogramn. Thls
T

srogram reads the counts cbtained from a channel, converts iz

‘pte millivelis and the temperature correspopding te this veoltage

:; obtained by linear interpoclation using the lcox-up table.

A

rhe details of the various experiments perforaed with a constant

netallostatic head arrangement are given in Taple 5.4 below.

petails of eoating the chills with refractory waterials and

details of the rough uncoated chill are described in iater sec-

Tilons.
. Table 5.4. Constant metallostatic head experiments
h; Casting helghts
r L1l0ys Chill condition L(mm]
E
A5 Smooth uncoated 200
LA smcoth uncoated is0
i A Smeoth unceoated 100
i
e 24 Snocth uncoated 200
; [MZ4 Smooth unceoated 1890
e . [MZ4 Smookh uncoated 100
K, LMa Aiumina coating 200
M5 Fireclay coatlng 200
"3 [MZ24 Alumina cecating 200
LHM24 Fireclay coating 200
,? ; M6 Rough uncoated 200 .
» IME REcugh uncoated 104
' Al-Li Smooth uncoated 100
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5.2 EXPERIMENTS WITH A RECEDIHNG CASTING INTERFACE:

~na materials used 1n these experinents, chill assembiy and  The
guta acguisition system are the sare as those described -n sec-
<ion B.Z2. However, the molds used and the arrangement of &the

maldschill  assembly are different from those described earlier.

Fur—her, an additional tnermccouple is used at a locaticn £ in
sz ingatsz (figure 5.7a) tTo nenitor the freezing time of cthe in-
cate, in Shese experiments. The eaold details and the details cf

che meld/chill assembly are described below:

5.2.1, Hold details:

figure 5.7a gives the details of the experiﬁental set-up used in
this study. Figqure 5.7b shows the mold witheut the chill in posi-
tion to show the interior of the mold cavity and figure 5.7¢

shows the mold assembly ready for pouring. &As seen 1n flgure

-

5]

5.7, the mold is assembled using two rectangular mold sowes and
sprue cup made of a short length of cylindrical pipe of reguirad
“eight. The upper mold box has two cylindrical cavities gonnectiad
5 each other by an ingate of appropriate size, while Th=2 licwer
molid box has a plane surface, The main casting cavity ls arcvid-
ed with an askestos lining. Holes are provided at distances o 10
and 75 mm frem the free face of the chill by piercing through the
aspestos board for insaerting the Ehermoccuples. The second cavity
acts as a down sprue. The reguired head of metal is provided by
“he sprue cup made of a cylindrical pipe of appropriate height

which is rammed with molding sand so that a sprue of 50 am dia

and required height is obtained,
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b. VIEW OF MOLD CAVITY.

1. Sprue Cup- 9 Mold cawnty 3 .Chill.

¢ C(OMPLETE ASSEMBLY

£1G. 5.7 MOLD ASSEMBLY FOR RECEDING CASTING

INTERFACE EXPERIMENTS.
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mnif.chill  assenply 15 nslaced such that the liquid aetal
chrcucs t The mald savity from the botiom and touches the
which ‘s placed on top of the =old. To vary the time tor
snich Ene orsssure of the liguid metal acts onh the chill, three
siges 46 mm x 30 mp {(large;, 20 mm X 20 mm (medium) and

13z =~ ‘smally are used. The ~ime of solidification of the

nyate is mcnitored by an additicnal thermscouple placed 2t
L}
locatien E Ln  the center of *he ingate. From a study of the

freezing i—==z @f the ingates, it 1is found that the smallest

ingate size fives a reaszonahle time for studying stage Ir1, while

vhe large ingatTe cid neot freeze within the duration of the exXper-

iment. The =—.me available for chserving stage III with med1um
ingate is guize small. Hence, in all the subsequent gxperiments.
the sma:l inzate 1s used for the receding casting interface

~» wary the prassure acting at the interface, three

experimsnts.
different strue helghts (8) 50, 190, and 150mm Aare used. To
o

study the = + mf the length of the casting on h, three casting

heights (L; 150, 150 and Z00mm are used. The procedure for

-
e

melting anZ gouring the castings and acguiring time-temperat
dala ie same 25 that described in the previous section. The anly

differance in this case is the monitaring of the ingate tenpera-

ture or an asiditional channeal.

The dataiis =% the various experiments with a receding castinc

interface ars given 1n Table 5.5.
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i
Table 5.5- Re?eding gasting interface experinents
i

alloy cnill Casting Sprie Ingate
conditicn height(L; height 73] Size
mm ki (mm x mm |}

L6 smooth uncoated 100 100 46x30 {large)
Tis gsmooth uncoated 100 190 srw2d [(medium)
LMA cmooth uncoatec 100 i00 18%xl2 (small]
iMa smooth uncoated 100 150 i8wl? (small)
LME srocth uncoatecd 150 150 i2wl2 {small}
X% Smeoth uncoatec 20a 154 18wis (small)
1324  Smaoth uncoated 100 150 15x12 (small)
Mz 4 Smootlr uncoateld 150 150 1awl2 (small}
IMza smocth uncoated 2040 150 18x12 {small)
i1Ma Ssmooth uncocated 200 50 13xl12 {swall)
L2465 smooth uncoated 200 100 15%x12 (small)
LMs gmooth uncoated 200 150 18x12 {small)
24 smooth uncoated 200 50 12%x12 (small)
1MZ4 sraoth unceoatbed 200 100 15%x12 (small)
LMz24 Smeoth uncoated 200 150 18x12 (small)
16 Alumina coating 150 100 igxlz {(small)
[M24 alumina coakting 150 100 12x12 (small)
1M& Fireclay coating 1250 100 18x12 [swmall)
iHMZ4 Fireclay cocating 150 104 1axiz (small}
L& Rough unceated 150 104 15%x12 f(small)
Aal-Li Smoath uncoated 1040 50 15x1l2 (small)

5.3 EFFECT OF INSULATING COATINGS ON CHILL SURFACE:

‘The constant metallostatic head arrangement { L = zoomm) and the
receding casting interface arrangement with casting heights
150 mm, Sprue heights 100 om and ingate Size 18x1Z rm are used
in this study. The molding, assembkling, melting, pouring and
data acgquisition are as described earlier. Ccoating materials and

~ethod of coating the chrill surface are described kelow.

-
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5.3.1 Coatings Used: ﬁ

-~ - coating materials namely fiFeclay and aluming ars dseoe. THe

-orpositions of the cwating slurry used are given below:
Fireclay ccating Alumina cpating

cireclay pewder (300 mesn)50 % Alumina powder (300 mesn) =G %

zedium silicate 5 % Sadium silicate 5 %

wabar 4% % Waker a5 %

5.3.2 Coating procedure: .

n+e chill is heated to a temperature of 1140 =Cc. The czating 15
sgrayed on tec the heated ¢hill surface by a spray dun cperated by
compressed air. The coating obtained is of uniform thickness and
surface fipnish. MHaintenance of this temperature ig essential for

csbtaining necessary strength, uniformity of thickness and surface

“2inish of the coating.

5.3.3. Measurement of coating thickness:

The thickness of the coating is measured by an eddy currert test

instrument. The response of the instrument fcr the ceatlng

*hickne=z is compared with the responses for different values of

litt off (obtained by inserting layers of insulating sheets of

snown thickness) on an uncoatec reference chill and selecting the

ratching value. A coating thickness of 0.24mm is cbtained in the

case of fireclay and a coating thickness of O.46 mm is

ohtained in the case of alumina. The time temperature dakta
obtained from the experiments using the coated chills are record-

ed for subseguent analysis.
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TFFECT OF CHILL ROUGHNESS ON h: "]
]

trnis study, experiments are marr.ed out using both canstant
[

4illestatic head and receding casting interface wusing 1M &

V. A casting height of 200 mm is used for the case ot tnhe

allon

~onstant metallostatic head. TFor the receding casting interface
2nperiment, the casting height({i) 1s 150 mm, sprue height {(3) 15
a¢ =m and  the size of ingate is 18 mn x 12 m©o. Two <hills

raving different wvalues of roughness are used Lo evazluate the

-act of change in the chill roughness on interfacial heat

Fy

2

--ansfer coefficient. A normal smooth chill surface is precduced

e W

-+ fime turning on a lathe and then nolishing this surface wita a

./0 emery paper. This smooth chill is the same as that wused in
+-a previous experiments. A rough c¢hill surface 1is produced by
zazhining uniform greoves on a shaping machine maintaining uni-
~r= depth and distance betwesn the grocves. The time tenpera-

- dara are obtained frem the casting experiments using the

rgugn chill and stored for subsaguent analysis.

5.4.1 Surface roughness measurement:

Tra surface roughness of the chill and the casting surface mnade
against this chill are obtained using the Perthometer, a stylus
instrument. A run of ahout 5 mm is used for the roughness meas-
. remert. The instrument directly gives the roughness profile as

wall as the values of surface roughness in terms of Ry, Ro,,, etc.

urements on the chill and the casting

ihz surface roughness meas

srodquced against the chill at predetermined locations are made

znd ccmpared with each other. Roughness profiles for a smooth
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i  reugh chili along with The rougnness |[profliles of the corre-
|

snonding castings are precented in figure 3.8.
5, 5.4EASUREMENT OF AIR GAFP:

sre changes in the dimensions of the air gap with time formed
~arween the casting and the chill in the case of a receding

sting 1interface experiment are measured using an inductive

3

h

gauge in this study. The mechanical arrangement, and the detalls

The

I}
H,

the displacement measuring set-up are described here.
srocedure for molding, melting, pouring and temperature measure-

~ant are as described earlier.
5,5,1,4echanical arrangement:

e arrangement of the chill with the ipductive gauge is shown 1n
Jigura 5.9 The method is based on the procedure descrikbed

v  Isaac et al (34]. The novemant of the ecasting surface 1is

“-llowad Yty an assemkly of an aluminium freeze-on plate and a

z~a1inless steel pin riveted on to this plate. The malten wmetal

2ngulfs the freeze-on plate and solidifies around it. Any subse-

suent movement of the casting surface causes the freeze-cn plate

- stainless steel pin assembly to move with it. The mechanical

ie~ails of the complete arrangement are given kelow:

An  aluminium plate of size 10 mm X 14 mm X 0.9 am kent into a U
with each arm 2 mm long 1ls used as a freeze-on plate. One

shace

and af a swainless steel pin of 2.5 mm diameter and length 120 mnm

is riveted to the center of the freeze-on plate. This stainless
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FIG.5 9

0. OVERALL VIEW of CHILL.
1 Freeze-on plaote 2 chill.
3.Inductive gduge plunger
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¢. CLOSE VIEW GF INDUCTIVE GAUGE.
1 Inductive gauge.: Light spr:ng
2z Tube retarung spring.

CHILL ARRANGEMENT FOR AIR GAP

MEASUREMENT .
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5.2 Measurement of displacement:

-=n inductive gauge Wi oL range = imm w3 used {gr measurenent Sl
dlsplacement. The inductive gauge is  connected  to oAl 25 -5
s:ngle channel carrier Freguency Amplifier {CFAY . The inductive

gauge and CFA are supgliied 2y Hottinger Baldwin MessToohinliy

smpbH, West Germany.

The CFA is balanced after remeving the plunger of the inductive

zauge. The amplifier is set to measwe 2 total displacement of

9.5 mm of the plunger. The calibratlon of the inductive gauge is

carried out using a micrometer deptl gauge with a least ccunt of

0.0F mm. Xnown displacesments are given to the plunger «of tThe

inductive gauge and the indications cn the CFA meter are noted =t

spsure accuracy in the full range. The ne ocutput of the CFA  is

fed into one of the channels of the data acquisition systen
<hrough a gotenktial divider o tha® the maximum input voirtace to
+he data acguisition svsten iz lzs= than 50 mv. Figure 5&.10z2
gives a schematic of the set-up usad for air dap neasuranent.

The experimental set-up for air gap measurements showing tne

chill with inductiwve gauge and CFa are chown in figures 5.10 B

and c.

5.5.3. Experimental procedura:

"

The fresze—on plate is riveted tc one end of the stainless steel

pin which is then incerted inte the stainless asteel tube fixed to

the ¢hill. The plunger ci the inductive gauge with the fiber

block at its end 1s then fixed to the other end of +the central
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~. The irnductive gauge l& mounted lm positicn angd the waroect
conrector is fixed to it. The chill is praced oo ne mold
ysseably for receding casting interface studies. The pasit:ien ot
~re Inductive gauge 1s adjustad such that adeguate mavement ol

cne plunger can be recorded during the movement of the interface.

vslten metal is then poured and the displacement data is reccrded

jlong with The time temperaturs data,

5.6 CG?\TFIRHRTORY EXPERIMENTE :

Two saks of experiments are carried cut to confirm that the heat
fFlow is one cimernsional in the present investigation. The first
set of experiments on the molten metal side consists of draining
the liquid metal from the mold in the receding casting interiace
experiment and studying the liguid/solid interface. The second
set of exgeriments are aimed at finding the difference between

the center and surface temperature of the chil: in a prane gper-

pendicular to the axis of the chill.

£.56.1.Draining experiments:

The experimental set-up is the same as that used for the determi-
naticm cf h for the receding casting interface studies bat in
this case, thne thermocouples are not used. The dimensions of the
casting are : casting heighb{L} 150 ma, sprug height (5] 100mm
and ingate size 46 mm x 30 mm. The green sand mocld with the
asbestos Llining is lifted away from the bottom, box one minute
after end of pouring. The casting obtained in the case of IM 6

is shown in figure 5.11 which shows 2 plane front solidification,
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-~.5 wallgating the assumption at gnidirecticnal  heat

[

Similar results are chtained Witk IM 24 aligy. The det
. experiments are given r Takle 5.4.

g,6.2 Chill temperature studies:

cast iron chili with twe thermoccouples, one inssrted at the

Tae

-erter and the other ipgerted to a depth of 2 ma from the surface
. heated on a hot plate. The surface of the chill 1s 1nsulatesd

ceramic wowsl. The temperaturets from the thermocouples arsz

L
Py

-easured and the difference ie noted. The difference betwean Ehe

3 r

~wo measured temperatures is found to be lass than 2 c. Thi

11

4=
I

salidates the assumptien that fhe heat flow in the <¢hill

unidirecticonal.

rTable 5.6. Draining experiments

Alior casting Sprue Ingate Time feor
height (L) height(§) gize draining
() (mm) (mmxmm) (5)
X & 150 100 46 x 30 &80
M 24 150 104G 46 x 39 ad

5.7 REPEATABILITY ETUDIES:

To check the repeatability of the values of g and h obtained in

these aexperimants, --jals are carried out using a casting height

of 150 mm, sSprue hneight of 100 mm and small ingate of size 18 mm

x 12 mm in the recedind casting interface experiment. The results

138
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-~@  rapeartacility studies yield a wvariation in h wnich

5 J:i may oe considersd to be quite satisfactory.
2ADIDGRAPHIC EXAMINATION 4F TEST CASTINGS:
casTings are radicgraphed tc heasure the exact locations of

.=o <chermocouples as this is necessary for computation of the

vaiz2 oI h. The details of the radiographic work are given
=T LI .
- Rav uniz : Macrotank®i 200 kv Portable
Industrial X-Ray unit .
i@ Voltage : 110 XV
*ime o current : 2 A
Expocsurs Time 4 minutes
Film : NDT 65, Manufactured by M/s HiIndustan

¥
Phots Filme Mfg Ltd., India.

The fevelcoing procedure recsmmended by the film manufacturer is
scr developing the films. A positive print taken frem a
“yclcal radiograph is shown in figure 5.12 which gives the loca-

=f <he thermocouples at C and D.

3
I

The results of the experiments in the form of time teaperature
22ty ars a2nalyzed for determining the value of h. Determination
®{ the nezt flow rate g, interfacial heat transfer coefiicient h

and T, , Wwsing the measured

-

.3h2 tne surface temperatures T,
fAperatures Ty. Tz, Ty and ¥, from locations A, B, T and D

“espectively  form an Inverse Heat Conduction FPreblen (IHCP) -
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FIG.5.11 CASTING SURFACE AFTER ORAINING.

F16G.5.12 TYPICAL RADIOGRAPH SHOWING THERMOCOUPLES.
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CUAPTER &

ANALYSIS OF EXFERIMENTAL DATA

1. INTRODUCTIONM

6.

T™we determination of the heat flow rate per unit area, g,
the casting ints the c¢hill across the casting/mold interZace 3s a
cunction of time can be carried out using the time temperatus

Zata cbtained from the experinents Fescrlbed 1n chapter . Aalzong
with a, khe values of the intsrface temperatures T. and T, cn tne
casting and chill can be cbtained. This value of g along with ac
surface temperatures T, arnd T, c<an be used for calculating b as
a function of time. The determination of g at the surface
temperatures measured inside a body forms an " Inverse Heat C=
ductien Prechblem' (IHCP). The inverse heat conducticon preblexz is
difficul™ to solve owing to the ill-posed nmature of The o
Cne of +he satisfactory solution procedures availakle 1g The
'onlinear Estimation Procedure proposed by Beck (3). The 1impls-

mentation of this procedure for determining the value of 2 zanZ

nonce h in the present case is described in this chapter.

6.2 THE DIRECT AND THE INVERSE FROBLEMS

The direct problem in heat flow refers to the situation in wh:ocon
the boundary conditiens in the form of temperatures or naat
fluxes are known and the temperature distribution inside the cody
is +to Ee obtained from the known initial and boundary ccrn

tions. Apalytical and numerical methods are availakle for sclv-

ing the partial differential equation 2.5 reiating to the ziract
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sfactcriiy. Hewever, the direct prob:em has  Sany

impeciments due t¢ the difficulties 1n detoralnlng
the actual boundary conditions. For exampla, Lt may nct 3¢
sossible =2 attach a sensor and measure the surface temperature

acsurately due to the physical limitation impeosed by the canfigu-

ratian,

The THC2 ¢n the other hand, implies the estimation' of the
surface heat flux history or surface temperature history of 4
hoéy given one or more measured te;perature-histories inside the
meat condacting bedy. The word "estimation' 1s used because in
neasuring =he internal temperatures, errors are always presant Lo
some extenw. Basides, the IHCP is an ill-posed problem and hence
the heat fiux cannot be caleulated accurately. A comparison of

e direct and the inverse heat conduction problems is shown in

figure 6.1,
§.3. INVERSE HEAT CONDUCTION- AN ILL-FOSED FROBLEM:

The =olution of a well posed problem should satisfy the condl-
tions of existence, unigueness and stability. The splution of
the inverse heat conduction problem does not satisfy these condi-
tion= [&2: and henge it is an ill-posed problem. The IHCP is
difficult to solve analytically because the temperature response
at an inzerior location in a body due to a given stimulus at the
surface is both delayed and diminished in amplitude.  The
presence of measurement evrors further complicates the sclution.

Measurement of temperatures at discrete lozations and at discrete

.
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rime intervais provides incomplete informat:ion for obtalnlyjg Al

accurate soluticn.

For the one ¢imensional IHCFP, whan discrete values of oL are
ostimated at varicus points of time i, maximizing the amount of

information implies small time steps between gj values. However,

+ne use of sma:l time steps freguently inktroduces instabilikties

1w the solution cf the IHCP [3].

The direct prcblern suffers from inaccuracies in the measurenent
of boundary tamperatures or heat fluxes while the IHCP poses  a
difficult analytical problem. Accerding to Beck 21 an a4accu-
rate and tractabie soiuticn to the inverse problem would minimize

both the disadvantaces simultaneously’'.

6.4 SOLUTION OF THE INVERSE MEAT CONDUCTION PRODLEHM:

mre  eslutions ava‘laple for the inverse heat conducticn problemn

szt two broad categories: 1. Exact sclutions and

[

can he divided

imatricn.

¢l

2. S8tatisktical

b

=1

6.4.1. Exact solutions

The exact solutions are analytical procedures which develaop

exwressions for the boundary condition for a given tenperature

nistory in the caszing. Exact solutions were developed by sever-
ai investigators [83,87, 105-108). The analytical procedures are,

however, limitec [82] dues to:
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Tnabllity to acoount Jor measurenent errors
.. Inﬂblllt}’ *o accpount far vars hoaas ﬁrg;}ertif_as

i. Limitatiaons of gecmetry. |
6.4.2. Statistical estimation:

statistical estimation procedures solve “:e IHCP Ly maximizing

P S . -
i s Tesrtie [unc-

{or minimizing) an cbjective fun.-

tion S5 is given as i86;:

e

|

q
VN
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e
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|

e
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85 = objective function
n.= number of =sensors

Wwi= welghting constant for the temperature ncasurencnts
from the jth sensor

Ne= number of fuiure neasurenents used

¥ = measurensnt (K]

T = temperature {X)

wn= the zeroth order regularization constant
n.= number of garansters .
§ = parameter {Wgcmz} +

= the first order reqularization constant

By putting wy= 1 and wy, w;= 0, a simplified form of the objec-
tive function 1s ohktzined which is the least sguare estimator

based on the minimization eof :

I
F(gj= T {Test*Tmeal2 ce. (6.2)




N L

aitu e ||

Fig)= chjectivae tunctlon

I = or whera m is a smail integer

r-1 = number of future temperaturas

Tagt™ estimated temperature obtained witn assumed g value
Thea™ experimentally measured value of T.

~rig Form of the cobjective function is used by scme Investigators

The estimate for g can he a single discrete value at each loca-
rismn of the boundary ;t each point of tize., Estimaticn of these
sets of walues is called a regularizatian methodq. If on the
sther hand, g is defined as a pelynomial function on the boundary

girface, then it is referred Tta as function specificaticn metnca

[E67. A brief literature survey on the solution of the THCF is
azirpady presented in chapter 2.

6.5 SCLUTICN PROCEDURE USED IN THE PRESENT WORK:

The experimental data in the form of time temperature values at

'
|
_

feur  locatiens, tweo in the casting and two in the ch1ll are
aralyzed for the determination of h by using the mnetncd progposed
b Beck {.3] in the present study. The ccnfiguraticn under analy-
sis is shown in‘figure 6.2. + iz necessary to estimate g a2t the
surface S, with known temperature Tp at peint P and knoawn bound-
ary temperature T, at the paint @. The analysis in the region P

- 0 is a direct problem kut in the regicn § to P, the problem is

re

an inverse one. Beck's solution procedure consists in minimizing
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sunction Flg) defined by eguation &.2 and t©ne Jdetaiis  of

lution procedure are glven below,

-
L

£.5.1 Statement of the prohlem

meferring toc figure 6.2, the heat flux g and the surface tempeca-

« vrure T. at 5% have to be determined from the measured ITenperature
0

The

T at x2. The boundary temperature T; at Q 1s specified.

" E
solution wust satisfy the cone dimensional heat conductTicn  cola-

-ilan;

2 pc 3T coe (8.3
Lk === _——

H) 4 T 3t

6.5.2 Assumptions

1 The discretized values of temperature at time intervals At

o

are known.

2. The heat flux across the interface is constant during any rtine

interval A& where o#® is an integral multiple of At l.e.,

48 = m At ce. (R4

where m 1s a swall integer. If By and tﬁ rafer te the sare

point of time, then the subscripts M and™m are related ky the

relaticon:

mi = n e [B05)

The relation between M,7 and the discretization of the wvalues of

g are shown in figure 6.3 {3]. This means that the reculariza-

ticn method is used in the present case.
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Heat flux per unit arec at surface 'S{Unknown)
The temperature at the surface S iUnknownt
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FIG.6.2 INVERSE HEAT CONDUCTION PROBLEM IN
UNJDIRECTIONAL HEAT FLOW.
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FIG 6.3 APPROXIMATION OF HEAT FLUX BY DISCRETE

VALUES OF g (37
148

;—-—_—I_—-_——




1

Ta tare into account the delayed temperature response of an
I

:terihr tacation, ~future temperatures' are used In  estimating

Thus if r 1ntervals of 45 are used in estlmating g9, 1t :3

sssumed that the same heat flux g flows during these (r-1} Iuture

yntervals. That is,

GM+2= GW+3™ - TAMerT dM-1 re (6.6)

wnere Oy_i is to he estimatad,

»
The npeonlinear estimation procedure determines the wvailue aof g

which minimizes F(q) given in eguaticn 6.2.
&.,5,3 Procedure

The initial temperature distribution in the chill and casting 1=
obtained from the measured tenmperatures and known boundary c¢ond:i-

) tions 4 sultable initial wvaiue for g (=1 Calfcmz.s} iz assumai

P

and with this value, the temperature distribution at the end of

each interval At for r nunber cf intervals is determined using =z

suitable numerical methed like FDM or FEM. This gives T,.. {q:
at x1I at all points cof time where measured temperatures are

availakle. g is increased by a small wvalue &g where ¢ is a small

determined. With

value and the new value of T__¢ (gfl®e)) is
these walues, " sensitivity coetfficients' are calculated at eaech

iteration during the estimation. The sensitivity coefficient ¢

is defined as the first derivative of a dependent wvariable, sucnh

with respect to an unknown parameter, such as a

as temperature,
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mpar f1uX c:nbonent [82]. The sensitivity coefficient is deter-

acd using The following relation:

- |

5T Tegr{all+e]) —Toge{d) 4827

¢= =

ERe| €q
~ny gensitivity coefficients are deternined for each thermccoupie
icoation and if the properties of the material wvary with temperz-—
~yre, thern These sensitivity coefficlents have to be evaluated at

cach iteratisn in the estimabtion procedure.

*ne assuneZ value of q is corrected hy using the relation:

T
‘:El'z'I'Iruez:-_'l_TE51:::| 4 coe {6.8)
G_,, =
L {$;)?
i=1
t.e, g{corrected)= g(old)+ Vg cae (B9
The nrocediras is repeated with g (corrected) in place of ¢ {clad)
unT:il:
sg <0.005 e [B.10)
dq
The above procedure depends con the value of the sensitivity

Ccefficients ¢ for arriving at the value of g. Higher value of ¢
\s preferrsed in IHCP for faster convergence of the walue of
9M+1- The importance of sensitivity coefficienks and the fackors

“hich influence it are discussed belaow.
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lcwing:{ {see fiqure 6.2)
I

1
1. If the sensor is located at a suitable distance from the

surface S where the heat flux is to be estimated, then the in-

crease in T, at locatien F with a unit increase in g depends on:

1. Nearnese of P to the surface 5

2. The time interval over which g flows at the surface.

%  decrease in the distance between the sensor lacation 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 meacured temperature values due to the absence of

one dimensicnal heat flow conditions.

An increase in the time interval over which g 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 wariation in g
satisfactorily. on the other hand, as explained earlier, the
effect of a change in g on the surface is felt at a later instant
of time at an interior lacation, and this delayed response de—
pends -on the distance between the surface and the sensar loca-
tion. This problem can be solved by assuming that the same value
of g would be flowbng for a few {r-1} wmore intervals of
time (A@) and estimating the effect of this flow at an interior

location. In other words, g in the present interval can be
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stimatec Eccurately by taking °~fucure temperatures' at an inte-

lecation. The number of future temperatures teo be consid-

jepenés on the depth of the sensor from the surface at which
q flows. Hence a satisfactory procedure for the accurate gstima—
tion of g would be to select a sensor location away from the
disturbed regien and tc use appropriate time steps for calculat-

1ng g using the required numbher of future temperatures.

.6 IMPLEHENTRATION IM THE PRESENT 5PIDY:

In the present study, the inverse heat conduction problem cn qe
=hill side is sclved using the known temperatures T, and T;. -
iz used as the known boundary condition. The calculations are
nerformed using the explicit finite differences method. This
ylelds the value of heat flow rate o per unit area and also T,
the chill surface temperature. Using this estimated value of g
and T, as the boundary conditions, the temperature distribution

in the casting side is obtainad by the explicit finite differ-

ences method. These calculations yield T., the casting surrace

) temperature. Knowing ¢, T, and Ty, h is malculated using the
i eguation:
h Y
q T
h = - va. (6.11)
(Tg=Tp)

. where g = heat fleow rate per unit area of casting/mold interface

To = casting surface temperature and

T, = chill surface temperature.
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The flow chart fFr the determination of b in the presenc studies

using Beck's methed [3)] is given in figure 6.4. Comparison of

I .
the measured tenperature T, With the calculated temperature at

the same location shows good agreement between the two values.
The details of the procedure employed for the estimation of h are

discussed in the following steps:

1. Defining the one dimensional grid for FDM calculations
2. Determining the initial temperature distribution

3. Determination of g and Ty on chill surface by Beck's  methcd

[3]
4. Dekerminaticn of temperature distribution in the casting by
FDM using the wvalue of g obtained in step 2.

%. Calculaticn of h

6.6.1. 5rid for FODM calculations:

For Ehe calculation of heat flow and temperature distribution
using the explicit finite differen;es method, the cne dimensicnal
grid shown in fiqure &.5 is used. For calculations, a unit
cross-secticonal area is considered. The distances between the
points A, B, interface, C and D i.e.,x1, x2, x3 and x4 are divid-
ed inko nl, n2, nd and n4d igtervals respactively. The ncdes are
numbered starting from 1 corresponding te the point A te  Imax
correspending to the point D and the node numbers at the points
of interest i.e., B, ¢ and the chill interface i.e., IB, IC ani

Tint are included in the figure. The wvalues of x3 and x4 used

are those measured from the radiographs of the respactive cast-
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NON-LINEAR ESTIHATION PROCEDURE .

154



le= 4 ‘J {=|B t=fint| [i=fHni+1 =1

I==IMAX
) A |« S N N T
" ni ' n2 n3 [ n4 I
A g TWP‘HD .
m Tc
Chill Casting
Interface

FIG 6.5 ONE DIMENSIONAL GRID FOR
FDM CALCULATIONS

'Beni+1
lint=n1+4n2+1
IC=lnt+n3+1
LA e I ey 4

nl.n2ning ;
Number of divisions
in x1,x2,23 & x4



i
LGS mhis is to acceunt for small chapges 1n the

tocations  of

rhe taermocouples which arise 4during pﬂurlnq of liguid metal.

A general FDM progran is written such that desired values can
|

pe assigned £o the numbers of nodes nl, n2, n3, n4 and distances

xl, %2, x3, x4. Fine grid spacings to improve accuracy is em-

ployed in the regions closer to the casting/mold interface. This

is necessary because rapid temperature changes ogcur in this
regicn at the start of splidificacicn. A typical set of walues
for these variables is: .

nl = 2 xl = 8.5 mm '

n2 =1 x2 = 3.3 mm

ni = 2 x3 = 10 mm

L4 = & x4 = 26 mm

6.5.2. Initial temperature distribution:

The temperature readings T and T, in the casting are examired

.

for determining the starting peint <f the calculations. This 1is

+a<em as the time at which, the maximum temperature is reached by

tne thermccouples. The typical temperature values recorded in an

expariment for LM 24 alloy for a casting height of 100 mm, Sprue

=f 150 mm and ingate size o200 mm are given in figure

o

aight

6.6 and a portion of the temperature readings obtained in a

tycical experiment are given in Table 6.1. A linear wvariaticn

of temperature is assumed in the liquid metal and the chill for

caicuiating the initial teoperature distribution. The nodal

rerperatures in the chill side are calculated using T, and Ty by
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Density = 7100 Kg/m-

1
o '

linear extrapclation and on the casting side us1ng temperatures
i

T, and T,. The 1nitial temperature values are tha?ned from the
1

measured values of T, T,, T, and T, at the chosen point of Cime

{t = 9} for starting the calculatleons. |

6.6.3. Determination of g in the chill by Beck's method:

The material properties aof the chill used in the calculations

are [109]:

Specific heat = 0.465T + 543.68 (J/Kg Kl

Thermal conductivity = - 3.14025 T + £i91.88 (W/m K}

-]

where T is the temperature of the chill in °C.

Using the initial temperature distribution on the chiil side and
a starting value of 1 Cal/ cm?.s for g, the computar program 1s
run. The sensitivity coefficients and corrections in g are

obrained with tzis starting value using the preocedure by Beck

[37. g is estimated at intervals of one second with the tempera-
surs values avallable at intervals of 0.5 s. (m = 2). ©One set of
future temperatures is used in the calculatiecns l.e.,r = 2. The

boundary temperatura for the chill is cbtained by linear interpo-

lation wusing wmeasured values at the beginning and at the end of

the time interval.

"




Tabla 6.1 A portien of time temperature data
a typical axpariment

fram

Tiae T, T, T, T,
(8] ("< (" C; ("C) (7€)
25.0 87.7 131.7 599.3 &£14.8
25.5 By.7 136.8 5%94.4 6ls.0
26.0 91.2 141.3 5%92.4 6:13.1
26.5 93.3 147.3 550.7 46il.l
27.0 95,9 154.2 BO94.4 610.0
27.5 99,7 1lal.5 5%&.2 6408.8
28.0 100.6 16%.2 &02.58 £07,1
28.5 103.3 176.8 601.9% 606.2
29.0 105.7 182.0 6%2.5 &05.1
29.5 108.4 183.2 5%8.7 604.2.
0.0 1il.4 184.4 597.3 602.5
30.% 1ll4.1 186é.9 587.6 601.0
3t.0 117.4 189.4 E596.7 532.8
31.5 120.1 18z2.1 59%4.1 597.9
32.0 121.8 137.5 58Z.1 DI6.12
32.5 125.4 205.7 58%.8 G5%94.4
3.0 129.0 214.2 &8Y.3 B93.9
33.5 131.7 221.,% 583.5 0L8Z2.1
34.0 134.7 227.0 581l.32 5B9.8
j4.5 13&5.0 23%F.5 579.2 589.3
3.0 1l40.4 238.4 577.8B 589.1
35.8 l1l42.8 237.8% 575.5 5REB.T
36.0 1l45.5 240.8 5BYH.Z B88.1
36.5 lad.e 242.7 574.4 587,73
i7.0 1s8.7 244.8 574,59 5SEG.T
37.5 151.% 246.1 5B74.9% G586.4
18.0 183.9 247.2 B74.1 G85.4
ig.s 156.3 250.0 3274.4 LBG.4
39,0 152.1 2B1.2 5&73I.Z 584.4
39.3 1ei.5 252.7 E571.8 584.1
0.0 153.7 2B3.6 S270.9 583.3
40.5 165.5 255.0 6E5&9.8 BBEZ.7
41.0 187.9 2B6.2 549.5 53Z.1
41.5 169.5% 257.4 LE&8.6 5B1l.5
42.0 171.8 258B.3 568.1 580.4
42.5% 173.1 25%.5 56&7.5 E75.5
43.0 174.7 260.7 566,99 579.0
43,85 178,22 261.3 566.4 575.4
44.0 177.4 261.9 565.8 577.5
4.3 178.6 262.8 5685.2 S577.5
45.0 179.5 263.6 564.3+ 577.5
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The FDM calculations are performed using =ime intervais ar 1;%

1
seconds which satisries the stagility criferia Zor the =xpl.cie
FDM usced in the calculaticns. The resultant temperature dlstri-
buticn and the value of q are used as starting values for th%
next c¢ycle of calculations. These calculatlions alse give Lhe
value of T, at the chill surtface. The value of g obtainec¢ by

solving the IHCP on chill side is given in figure 5.7.

6.6.4. Temperature distribution im the casting:

Using the walue of g cbtained frorm tne calculatioﬁs in the «<hiil
side and knowing the ktoundary temperature T,, the heat conduction
problem in the casting side i1s treated as a direct proplem and
solved using explicit FDM. The casting properties used in  the

calculations are given in Table 6.2 below.

Table 6.2.Thermal preperty values used in the galeulation ef h

Allovs P ¢ K L - T T

h : 3
(%107} E'C§ {°C)

IM & 2660  1045.5 161.1995 460 577 -

[110]

IM 24 2700  1045.5 125.61 589.294 615 520

[78,110]

Al-Id 2490 1045, 5 108.5862 153,108 a5z 645

[111,112,113)

+ Units for [ in Kgsm®, ¢ in J/Kg K, X in W/m K and L in J/Kg

—
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=w,

Liberatien of latent heat L

for the IM & alloy, the liberation af latent heat 1n the casting

15 taken into account using the metheod of Evers et al [11s]. Tt

is a post-iterative method in which the latent heat of fusion 1is

canverted inte an equivalent number of degrees 3T by dividing the

tatent heat of fusicn L by the specific heat ¢ (¢T = LIycg).

After each time step, the temperature of the nodes that fall

below the eutectic temperature during the calculations are reset
L

to eutectic temperature and the drop in temperatures is recorded

for each nede in a separate aceount. This crocedure iz continued

till-.the reguired number of degrees {37 = L/cg} have been accumu=

lated for & particular node. When the zccumulated drop at a hode

-

equals L/c., the temperature at thak node iz allowed toc drop as

per FDM calculaticns. This procedure is well suited for congru-

cnt melting alloys like 1M 6.

The LM 24 alloy has a wide freezin range [&£15-820 "C ) and thc

method of Eyers et al [114} would not be appropriate to  account

for the likeration of lateni heat. & more suitable sethed is the

enthalpy method [76] in which the heat flow equacion 2.3 is

modified as:

2o .2 _ - .
k 3T/ /ax = 3H / 3t ee. [(B.12%

where H 1s the enthalpy. The wvalue of'temperature as a function

of enthalpy is cktained by the eguabians:



p— ———— —

TcTS, A= oo & T
Tg<T<Tp, H = =g xTg + L x (T- Tg)/ {TL-TSJ
T>Tq, H=z2,%Tg+L+c ¥ (T-Tg) (H.13)
where T = galculated temperature
Tg = sculidus temperature

Tr, = liquidus temperature

H = gnthalpy

c. = specific heat of solid

c) = specific heat of liguid .

L = latent heat

The initial enthalpy at varicus points inp the casting s deter-
mined from the Xnown initial temperature distrikution anpd the
change in enthalpy is obtained from the abcve equations. This
gives the new enthalpy value at the end of each temperature

measurament Iniarval. The temperatureé at the end of the inﬁerval

are obtained from the enthalpy values.

The compurer program developed here for the srasent calculations
can use a non-linear relation between H and T by substituting
apprupriate relationships but in the preeent work, a 1ilnear
relationship was found to be adeguate. This is seen by a ‘com-
parison of the calculated and measured temperatures at the peoint
C (T4) which show a good agreement. From the calculated value of
T, , the value of the casting surface temperature T, isx also
obtained. Figure 6.7 shaws the measured temperature T; in the

chiil and the corresponding calculated temperature at the same

location. The calculated and measured wvalues cf T,y in the cast-
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ing are alsc included in the figure. The tamperature values

shtained by expilicit FDM using the value of o detarnined by

solving the IHCP cn the chill side agrees ver,y closely

—-pasured temperature values, While the measurced and calculated

remperatures in the casting agree reasaopably well as  shown  in

figure 6.7 thus validating the calculation procedure.

6.6.5. Calculation <f h:

From a knowledge of the temperatures T and g cbrained from step
g = « M

2 and T, okzained from step 3, values of h can be cktained using
eguation 6.1%1.
T

The value o< h ckhtained frem a typical experiment is presented in

figure 6.8, The results from various experiments are cresenced

and discussed in the follewing chapter.

Ta4
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CHAERTER 7

RESULTS AND DISCUSSTION

7.1i.INTRODUCTIGCN:

The wvariation of the interfacial heat transfer caefficient h w.t=
cime 1in one Aimensional heat filow obtained from the experiments
caprried out are presented in rhis chapter., The values of h ok~
cained by measuring the air gap dimensions are compared Witk

+hose cbtained from calculations using the eyperinental values &
[ ]

camperature. The results of experiments with a smooth unceates
T

o~
-

11,

chill are discussed in relaticn to the wmodel. The effeckt
insulazing cosatings and chill roughness on the variatisn ot L
with time are discussed gualitatively. A sensitivity analysis :
carried out to study the affect of changes in Dg. hyp, b3 -

and dh/dt on “he changes in temperakture.

7.2 RESULTS:.

1—;:

1Y

From the exoperiments, bime-tenperature data from the c&stin
chill are cotained which are analyzed for obtaiping the variz-
ticn of h with time. The results are prasented in the fellewing

seguence.

1. Experiments wikth canstant metallostatic head
2. Experiments with a receding casting interfacs

3. Air gap measuremants

-

The effect of the preszence of alumina and firectay ¢oatild

the chill surface on the wvariaticn of h witn time and the effesct

1a7



5t a change in the roughness of the chall o

witr time are aise Lncluded.

-.3.1 Constant metallostatic head arrangensnt;

2.2.1.,1 Unceoated smooth chill:

The variatier of h with time far M 6 alley for three vaiues of

(L] namely 100, 150 ané 200 mm for an uncoated

11

casting heigh

smooth chill are presented in figure 2.1. The results show that

in ail the tarse cases, h rises to an #qitially high value which

~amaining

-

.
decreases rapidly and then remains ceonstant for the
suratien of <he experirent. This constant value of h  increases

with increase in casting height in ail thase cases. Simllar

ohservaticons for 1M 24 alloy are presantad in figure 7.2.

7.2.1.2 Coated smooth ehills:

Tha variatiern of h with time for IM 5 alloy -~ z casting heicht

of 200 mm with two types of cnatings on %“he £hiil surcace namely
alumina (of thickness 0.46 mm } ard fireciay (of thickness D.24
mm) are presented in figure 7.3. The variation of B with time
for an unccated smooth chill for tine sate casTing conditicas 1is
shown in the figure for comparison. gimilar resulis for TH 24

alloy are presented in figure 7.4,
7.2.1.3 Uncoated rough chill:.

The variatisn of h with tim2 in the case o M 5 alloey poursd
against an uncoated rough chill for a casting height of 200 m=

is given in figure 7.3. The results for an uncsated smeoth chill

168
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or the same casting conditicns 1= tagiuded In ThlS tigur for

--mparison.

7.2.1.4 Aluminium-Litbium allay:

t=a wvariatlon of h with time in rhe case ot aluminium-lithiun

ailoy for a casting height of 100 mm golidifying against an

umcoated smooth chill s given in figure 7.6.

- _.2.2 Receding casting interface arrangement:

L.
o

mesults of the experiments with a receding casting interface are

—resented as follows:
7. 2.2.1 Uncoated smooth chill:

mhe effect of the three ingate sizes 46 mMm X 30 mm (large) ., 2U @m

w 20 mm (medium) and 18 am ¥ 12 mm [sméll} on the warlation of h

writh time for IM 6 aliov fcor = casting helight aof 100 mm  anc

*ime at

=

sprue height of 160 mm is presented In figure 7.7. The

which h starts decreasing, ihdicating the freezing of the ~rngate

‘e ghown as tl, tm and t< ipm the figure for the large, medium and

-

small  ihgates resopecTively. t1 lies cutside the 1imit of the

a -
graph. The graphs follow a trend similar to that shown by

line 1 in figure &.1. Az menticned earlier, 311 subseguent
castings are poured wizh an ingate size of 1&8x1lZ mm to get the

effect of a receding casting lhterface within the duration of the

experiment.

pesults showing the variaticn of h with time for the experiments

with a receding castilng irterface with a smooth uncoated .chill

1dn




I ".".',f'r‘n} i,

4000—

o —

2000 —

1000 —

I
1Q0

. ]
Tirme sec 200 S0

%

FIG 7.6 VARIATION OF h WITH TIME FOR Al-=Li ALLOY WITH

UNCOATED SMOOTH CHILL AND CONSTANT
METALLOSTATIC HEAD (L = 100 mm)

175



™

M gor1

-

IanG -

2000 —

\Co—

FiG

L= 100 mm: 5 = 100 mm

INGATE SIZE

b, 460 mm (large)
2. 20«30 mm {megium)
A 1BxtZ mm {gmall)

ts : time of freezing of small ingate
tm : time of freezing of medium ingaote
f1 - time of ireezing of large ingoie

7.7

1
200 300

EFFECT OF INGATE SIZE ON THE VARIATIOM OF h WiTH
TIME FOR tM 5 ALLOY WITH UNCOATED SMOOTH CHILL AND
CECEDING CASTING INTERFACE '

176




W L=

for LM 6 alloy for 4 spruie helght of 150 mm with oires  Zasting
neights 100,150, and 200 mm are shown in figure 7.3 and results

for LM 24 alloy are snown 1n figure 7.9. The results QT jToree

different sprue helights 50, 100 and 150 mm and or a gasting
height of 200 mm for 1M 6 and LM 24 alloys are gpresented in

figures 7.10 and 7.1l respectively,

7.2.2.2 Coated smooth chill:

The effect of fireclay arnd alumina coafings an the chill surface

on the variaticn of h with time for IM 6 and LM 24 ailoy castings

with a casting height <¢f 150 mm and sprue height of 100 am with
a2 small i1ngate are presented in figures 7.12 and V.12 raspec-s
tivaly.

7.2.2.3 Uncoated rouch chill:

The wvariation of h wits time for LM 6 alloy for a casting
height of 150 mm and szrve height of 100 mm Qsing a rougn uncoat-
ed chill is given in figure 7.14. The wvariaticn of h with time

i

pmd

faor the corresponding case using a smooth uncecated chil

ircluded in the figure for comparison.

7.2.2.4 Aluminium-Lithiuza zlley:

The wvariation of h wizh time for alﬁminium—lithium alloy with a

casting height cof 100 ma and sprue heigh? of 50 mm is presented

in figure 7.15.
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7.2.3 Air gap measurement:

The variaticon of air gap @dimersions at the tnterface and the

variation in the calculated values of h with time obtained from

the air gap dimensions for LM 6§ alloy in the case of experiments

with a receding casting interiace for a casting height of 150 mm,

sprue height of 100 mm and small ingate size are presented 1n

figure 7.16. The value of R obtained by solving the THCP is
.

inciuded in  the figure for compariscn with the value of h ob-

rained from ailr gap measurements.

7.3 DISCUSSION:

The experimental results aof the constant metallostatic head
arrangement, receding casting interface arrangement arnd air gap
measurements for the casges of smooth uncoated chill are discussed
i this section. The mocel developed in chapter 4 1= used for ax-
plaining the trends observed in the wvariation of h with time in
the case of expariments with 2 constant metalleostatlc head. The
cffect of coatings and chill surface roughnes=s on the variation
of h with time are discussed qualitatively. The discussian of
these rosults is presented in the following segquance:

1. General chservations from experimental results

2. Duration of stage I, Ttp

3, value of b in stage I, Dj

4. Vvalue of h in stage II., hyg .

. Time for end of stage II, Erp
5. dh/dt in stage III

7. Air gap measurement
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7.3.1 Generzl sbservaticmns from axperipental results:

From the ewperiments carried out, datd are cotained in tl

of temperaturas Ty and T, from the chiil and T; and Ty from  the

casting as a function of tine. A& study of these temperatures

shows some common features and these are discussad here. In

additicn tec these, features observed on the variaticn of the

calculated values of the casting and meld surface temperatures

T and T, respectively, heat flow rawe g and interfacial heat

o

transfer coefficient h are presented.

m
.

7.3.1.1 variatiom in chill temperatures T, and Tpi

The temperatures T, and T, in the chill show a contineously

increasing walue, T. bhein higher than T, since T is measured
2 g g 1 p

at a point closer to the casting surface. In tie initial stages,

[

the temperatures Ty, and Tj show a kink ané This is nmarked as tl
and t2 respectively in the typical result shcwn in figure 6.6,

The early investigators [6, 40,411 associated this kink tc the

formation of an air gap.

In the model presented in chapter 4, it is shown that a partial

air gap always exists petween the casting and meld surfaces due

ta the presence of greopves On the nmold surface. Haence these

kxinks observed in T, and T; must be asscciated with the rapid

changes in the size of the existing air gap rather than the

formation of a new alr gap as proposad by the early investigators

[6,40,41). The presence of a partial air gap is demonstrated by

the work of Prates and piloni [52]. Hence, the time of ocour-
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rence of the kink in the temperatlulres Ty and T. 1n figura 3.

'

1

1

L]
L L T -n-‘-».-.""'f' j

depends on the distance of the thermcouvouple frpm cthe wnrterface.

% realistic estimation of the time of change o air gap size can

be obtained from the kink observed in the mold suriace Cempera-

ture. These observations point to the need for a closer logk at

the mold surface temperature Tp-

7.3.1.2 variation in casting temperatures T, and T,:
L ]

The wvariatiocn of T, and T, with time represent typical cogling

curves of the alley under study. The variatzon consists of an

initial eteep rise in temperature followed bY fluctuations at

the high temperature. Thig is followed by 2 rapid drop In

temperature due to 1oss of superheat with a reduced slope 1in the

case of IM 24 alloy or 2 constant temperature in the case of Lk

5 alloy, asscciated with the liberation of latent heat. Finally

a drop in tenperature aszociated with the cocling of the sclidi-

fied metal is obze—vred. The initial fFluctuatiens in thesa TEM-

poratures can re asscclated with turbulence arising due to the

pouring of molten metal inkto the mold cavity. It 1s gosarved

that the fluctuaticns are 1ess severe in the exgeriments with a

receding castind interface compared te those in the wcase of

experiments with a constant metallostatic head. This can te

aktributed to the absorpticn of the fluctuaticons in pressure in

the two columns of liguid metal connected by the ingate (filgure

5.8}, The temperature Ty is lower than T, and this is te be

cxpected since T iz measured at a sint closer TS tne interface
. B
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than T,. 1t 1s reported that the bpehavior o the interipce  Can

be related to the casting surface temperature T, Pn,2¢,40,41,9675.

7.3.1.3 Variation in surface temperatures T, and Tp:

*

The casting and mold surface temperatures T_ and Tp are obtained

from the FDM calculations for the determination of ¢ and h and a
typical result for M 24 allay for L = 100 mm, S = 150 @m and
ingate size 20 ma x 20 mm is chown in figure 6.2. The casting
surface temperature T_. shows the samé.trend as a tvpical cooling
curve of an alloy solidifying rapidly and this is to be expected
since the heat extraction is rapid at the interface. The varia-
tion of T, with time also shows that liguid metal is present at

the interface during the initial stages.

The c¢hill surface temperature T, shows sharp changes thereby
indicating changes in the rate of heat flew at the interiace.
The kink observed in T, is alsc sharp and well defined. In addi-
tien to the kink shown in figure 6.8, T also shows sharp changas
in slope and two such points are marked in the figure., It can te
secn from the figure that every sharp change in T. iz associated

with changes in the heat flow rate q and the interZfacial neat

transfer caoefticient h.

7.3.1.4 Variations in q:

The heat flow rate per unit area 4, calculated by solving the
IHCF on the chill side using temperatures T, and T, shows a sharp
increase initially, followed DY fluctuations. A tygical graph

showing the variation in g with time is given in figure 6.8. The
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valde then falls rapidly and is followed by a slow and sScCeacy
decrease for the rest of the experiment- At the time of pouring
the 1iguid metal into the mold cavity, the moiten metal 1s at 4
high temparature and the chill is at a lo¥ temperature. Immedl-
ately after pouring, the contact between cthe liguld metal and the

~hill is alsc guite good [47)- This results 1n &an initial hign

value of heat flow rate/ upit area, q at the interface. Fluctia=
tians in g observed in the experimepnts can ke attributed
turbulence in the metal. Subsequently, an increase in the size
of the air gap at the igterface decreases the heat f[low Tats
significant:y. Marginal 1ncrease in the air dap s5ize and 107
crease in the cqill temperature with decrease in the casting
temperature contribute to the decrease in the wvalue of 4 witn
further passage of time. Thesa changes in g aleng with tne
change=z in T, and T are reflected in the changes in h. A knewi-
undersianc

sdge of ths variatien of h with time is adeguate o

rhe heabt flov behaviocr at the interface and hence jes  wariation

L

W#ith time 1is studied.
7.3.1.5 variation of h with time:

The variation in h with time in the present experiments shows 4
high fluctuating value in the initial stages. This is follcwed
by an almost steady value in the case of experiments with «con-
stant metallostatic head. In the experiments with rececing
interface arrangement, the gteady value of h ctarts decreaslng

more or 1ess linearly after gsometime, around the freezing time of

the ingate. In some cases, the staady value of R is not o3-
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]

sprved. ﬁurther, in some experipents, the value dof h is found "¢
shaow wid%r ccatter Gthan these in other experlaents and tnls
scatter is alwWays associated with small flucrtuations 1IN measured
remperatures. Tha general trend in the variation of b 15 dis-

cussed beliow in relatien to the schematic variation presented in

chapter 4.

The Eariaticn of h with time in one dimensional heat flow 1s
.
presented in figure 4.1 and descr-iked in secrtion 4.2. Tas varia-s
r1on of h with time is divided ince 3 stages - 1, 11 and IZII,
stage I lasting upto time by followed by stage II from time £y to
time tgp- This is followed by stage III. In stage I, h rises
from zero to a high value With fluctuaticns and this falls to a
lower wvalve, In stage II, h recains constant and in  stage I3
two kinds of variations are possible- (i) a decrease in R with
rime associated with a receding casting surface from the Told
aurface (line 1} in figure 4.1 and (i1i) an increase in b with
time due to increase in centact pressure at the incerface (line
3. A situation with no distinct stage III as okserved 1in the

&

experiments with constant metallostatic head is shown by lina 2

in figurs 4.1. A cituation having no distinct stage II 1s 1ndil

sated by 1line 4 in this figure. These variations can be ex-

plained as follows:

When hot mclten metal at temperatures well above the freezing
cemperature is poured into the mold cavity the metal in gcontact
with the chill surface also remains at a kemperature above +the

colidification temperature for a short duration as seen from tae
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typical resﬂlts presented in figure &6.5. This is attributed to

the kurpulence in the liquid netal durindg pouring and rupkuring
-
of any casting skin that ;= formed at the interface. The liguid

metal at the high temperature has 2 low wvalue of surface tension

[115] an< a 1ow value of the advancing contact angle [116] «ccm-

pared tc rnhe wvalues at the freezing temperaturé. A low value of

surface waenslion leads te a szmaller radius of the lignia metal

profile (compared to the value at the freezing tenperature) 2=

L
shown by sguation 4.3 and hesnce 2 higher value of h at a given

metallostatic pressure as seen from figure 4.7e. The variation

in a can ke expected to affect tha value of h similarly as showh

in figqure 4.7b.

Tn +the case of castings poured witn a constant metallostacic

head, the pressure head acting on the chill surface is the height

to which liguaid metal is poured in tne mold cavity- This height

varies from zerc at the start of pecuring to the maximum casTing

height at the end of pouring. In addition to khi= metailostatic

head, ths overall wvalue of prassure at the interface includes tos

ressure acting on +he casting chill interface due to the Ffalling
P g &

liguid netal ctream. The head associated with pouring 1s only 2

graction of the height from which it is poured due to losses DY

rurpbulence and the value of this fraction is difficult to darer-
mine. The presence of turbulence causes fluctuations in the

actual pressure at the casting/mold interface.

In the case of experiments with 2 receding casting interface, the

metal gradually rises in the two limbs of the mold cavity. The
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pressure of the 1iq#id metal in the sprue alond with a fragtion
of the metallostatic head asscciated W41Th pouring ackts on the
chill =surface cnly}after the riguid metal surfaae astablishes
contact with the meold surface. rurther, a part of the fluctua-
tions in pressure is dissipated away in the twc coclumns of the

liquid metal and the net fluctuation st the casting/mcld inter-

face is much lower in these experiments.

During stage I in the constant metallostatic head and receding
casting interface experiments, a etable liquid metal profile
cannot form adjacent to the chill surface since any skin that is
formed undergoes continucus deformaticn and rupturing  due te
turbulence in the liquid metal. This condition of high turbu-
lence also helps to mﬁintain the metal in a molten canditien
adjacent *te the chill surface. The presence of molten metal in
the initial stages of pouring i alec borne cut by the observa-
tions in the casting surface temperature T_ as shown in figure
4.8. The formation of a stable liquid metal profile adjacent to

the chill surface marks the aend of stags I.

Wwhen pouring is stopped, the liguid metal surface forms a stakle
profile, depending on the metallostatic pressure P and the other
factors 1ike advancing contact angle «, surtace ransion of the
liguid metal o and mold surface profile. The metal surface
originally 1in the liquid state, starts solidifying from the
asperity points on the mold and finally forms a fully splidified
skin. puring this period, changes in the ligquid metal profile

sccur dua to changes in & and a. In the case of the mold surfacs
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consisting of uniform ¥V grooves, the liguid metal surface in  the

groove is cvlindrical with a small radius (depending on ¢ at the

elevated temperature ) in the 1nitial stages. Due o soiidifica-

tion starting at the asperities, there is a change in temperature

along the surface of the liquid metal. There is a enange in

surface tension along the profile of the liguid metal associated

with the change in temperature. This results in a change in the

liquid metal profile from its original cylindrical shape. When
L

freezing of the skin is completed, the surface tensien at all
points on the surface would have attained the value correspond-
ing teo that at the freezing tenperaturs and the surface once
again would become cylindrical but with a larger radius related
to the increased values af surface tension at the freezing
point. To accommodate this increase in radius, the surface cof
the ligquid metal 1lifts itself away from the graaves maintaining

contact at the asperities at all times. Similar changes occur on

actual mold profiles.

Thus, it is clear that during stage I, 1} there is a change in
the liguid metal profile due to variation in ¢ and a with temper—
ature and ii) changes in metallostatic head due to peuring and
turbulence. Though it is possible to caleulate the continuous
variation in & due to variations in temperature and effective
head, it is difficult to incancrate the effect of turbulence 1in
estimating the value of h using the model. Usually, the entire
duration of this stage is quite small and a mean wvalue of h

during this stage i.e.,hy can be calculated using the model by
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using the wvalues ¢ and a corresgendling to 2 rgmresentative  tem-
|

perature and by using aﬁmean metallcostatic pressure head which
1

includes thne =ffect of pouring head in sne ipitia: per-cd. Small

arrors in the estimated value of oy would not affect the computed

values of temperature distributiocn significantly since %tg is

quite small.

puring stage II, a constant pressure acts ol rke <chill surface
and no changes occur in the stable casting skin which forms the
casting surface profile. Thus a conbtant value of h axists in
stage II +which can bhe chtained by using equation 4.1C of the
model developed in chapter 4. The value of h in stage II, Hhpz
acts from time ty to tp7 2S5 shown by lines 1 and 3 in figure
4.1. This value of b can be deverminad using the model BY using
apprepriate valuss of o, 2, P and groove profile parameters g and
a. tpp is determined experimentally in the present case. This
san alse te obtained by esimulation by calculating the change in

contact pressure or alr gap fermed with time in an actual cast-

ing.

In the experiments with a cons=ant metallostatic head, the geome-—
try of the casting causes the liguid metal to apply & constant
pressure against the chill surface after pouring 1s complated.
The formatieon of a skin of solidified metal dees not cause any
change in the contact pressure {neglecting frictional effects

hetween mold and casting) resulting in a steady value of h.

In the experiments with a receding casting interface, tne tenden-

cy of the casting surface tc move away from the chill surface 1s
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nigher due tc the effect af g%avity and this results 1in lower

T

yalues of & in this case compared to the values of h 1n  Ex

|
constant metalicstatic head experimnents. The forces wWhlch oCposde

the uavement of the casting surface are the metallostatic head
due %to the sprue height 5 and tae friction betwesen the casting
apnd laterai surfaces of the mold. When the ingate freezes, the
metallostatic head due tc the sprue i= not transmitted to the
casting resulting in a reduction in phe contact pressure at the
interface resulting in a decrease in the values of h. Ir this
case, it is also possible for the casting surface at the 1Inkter-
face to remain in a partially mo:iten aondition, when the movement
5f the casting surface away frcn the chill surface beglns. Such
a2 =ifuation does not have a distinct stage II in the variaticn of
h with time. When the casting surface containing incomsletely
sciidified skin recedes from the chill surface, there i1z a theo-
retical possibility for the reneating of the skin and asscclated
cnanges in the casting surface srafile. The situation Changes
directly freom stage I to stage ITT. Even in stage I, =& &stable

skia might nhot have formed and such a situation is shown by line

¢ in figure 4.1.

When no change in pressure Qccurs on the surface of the chill,
vhere is no distinct stage III (as shown by line 2 in figure 4.1}
zut 1if Ehe casting gecﬁetry is such as to cause an increase in
the contact pressure, as in the case of castings solildifying

arcund cores, the wvalue of h increases as shown by line 3 in

igure 4.1. According to Sum [26] the wariation of h with time
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:n the case of castingds snlidifyinqiaround a core can bpe  TEPLET
sented as 2 linear relationship (equ tign 4.19). 0On the other
hand, a movesent of the casting suriace away Lrom the ¢hill
curface causes & decIease in B (line 1J]. This decrease in b is

caused by contraction of the length of the casting and chis

zontraction 1is apposed DY friction between the lareral surface of

r~e casting and meld as mentioned earller. The dimensions of
-he cast metal changes due £ 1igquid-liguid contraction dus to
loss af superheat, volunetric contratticn due to phase change and
sciid state contraction. These changes result in the movement of
rhe casting surface away from the chill surface. Friction be-
rwean the casting and mold walls prevents the relative movemehl
hetween these surfaces and in the present set’ of experiments,
his would prevent an increase in the size of the air gap at the

czsting/chill ipterface. Thus the net air gap size is a <om~

. ~edi result of the change in casting velume apd the fricticn

r
P!

rerween the casting and mold suriaces. From the present results
0f experiments with a recading casting interface, it is seen that

The decrease in b with time in stage III can be treated as

linear.

socoording  to HoO and Pehlke, [35,47] lateral contracticn of the

casting (in a direction in the plane of the chill surface) C20

cause the nature of contact at the asperities on the interface to

chance from conforming to noncenfoerming and this results in 2

ipcrease in h. IO the present case hewever, the lateral contrac-

tisn was observed to be neqligible since the mold and casting

profiles match reasonably well after complete solidification of
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the casting (figure 4.13). Sinmilar resuﬂts wara observed by

Moraies et al [27]. In castlngs with a large surface area, the

large contraction stresses cause shrinking bf the casting 1n the

pilane of the interface with the resultant change in the contact
pattern at the interface frem the conforming type te the noncon-

forming type.

7.3.2.0uration of stage I, tg:

S5tage T lasés from the time of pouring the metal ti1ll a stable
casting skin is formed adjacent to the chill suriace. In the
case of experiments with constant metallostatic head tg is found
to vary within a narrow range from 35 to S50 secands for both LM &
ard IM 24 alloys using chills with and without ceatings. Hence a
mean value of 46 seconds with a standard deviation of 9 seconds
can be used as a representative value of ty. 1In the case of Al-

»i alley, ty; is found to be higher.

In experiments with a receding casting interface,. t7 is found *to

m 50 to 80 seconds and a represantative walue for both LM

o
il
LR
kT
L3
Q

8 and IM 24 alloys is 67 seconds with a standard cdeviation of 11
seconds. For the Al-Li alloys, the value of t; falls within the

came range as that of LM 6 and LM 24 alloys.

7.3.3. value of b in-stage I:

The valus of h in stage I, hp obtained from the experiments with
cemetant metallostatic head are given in figure 7.17 for IM 6

»

ailoy and in figure 7.18 for LM 24 alloy. Along With the experi-
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mental walues, the wvarlation of h with pressure lobtainea by

calculations using the model are also included in Ithe figure.

© The wvalue of h in stage I for a caskting height cof 500 mm  wWas
found  te he 1910 W/mK for IM 6 alloy and 2307 H/m® K for LM 24
alloy. The wvalues of the material properties and the groove
paranmeter values used in these calculations for the twc alloys

are given below in Takle 7.1. The values of these grcove parame-

rars are obtained from the calculaticons for the value of B In

stage II.

Table 7.1 Paraneters used for the calculaticn
of hy using the modeal

Alloys

Parameters IM & LM 24
o 153" 154

o {H/m) 0.8 0.7%5
hoax (W/5° K 1910 2307
a(mm) g.2 0.2

i 38° ig*

X (W/m K ) 0.0241 0.0241

In these calculatieons, the head of metal assoaciated with pouring
is taken as 20 mm for the twa alloys while the actual height of
pouring was around 40 mm more than the casting height (i.e. lo=s

of metal due to pcuring was assumed to be 50% ).

"

In the case of experiments with a receding casting interface, the

value of hy is found o be affected by the casting height in




|
|

addikien teo  the sprue height. This can be attributeT ta the
higher temperature DF the malten metal with the increased cast-
ing volume 1n the case of longer castings. The mean vaiue of h
in stage I is found to increase by 300 ijz K for an increase of
casting height from 100 mm to 200 mm in the case of IM 6 alloy
and about 500 W/R°K in the case of LM 24 alloy for an increase of

casting height from 100 mm to 200 mm.

7.3.4, Value of h in stage II:

The wvalue of pressure acting at the casting/mold interface 1in
stage II is cetermined only by the metallostatic head H. For
castings with constant metallostatic head, this is repre=zented by
the ¢asting height L. In the experiments with receding casting
interface, the value of h is determined by the metallostatic head
represented by the height eof the sprue 5. The value of h in
stage II from the experiments with constant metallestatic head
are given in figure 7.17 for LM & alloy and figure 7.1l5 for IM 24
alloy. The wvalue of h for a casting height of 500 mm was okb-
tained experimentally as 1710 and 1908 mez K for IM & and LM 24
alloys respectively, The results showing higher h for LM 24
allcy are in agrasmesnt with the results of Srinivasan et al [7}
whe found that te of IM 6 alloy casting is higher than that of
Al- 4.5 % Cu alley castings. The variation of h calculated by
using the medel gives a satisfactory fit when a is 0.2 mm and g
is chosen as 38°. The maximum deviation between the walues of h
obtained wusing the model and the experimental values is 10% for

IM 6 alloy. A linear regression line was also fitted wusing the
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experimental data o©of by and the netallosTatic head H. The |

linear regression equation for LM 6 alloy 1s:
h = 2.898 H — 201.271

and this does not give a fit as close as that obtained from Cthe
nodel {as seen from figure 7.17). The corresponding results from
the model in the case of IM 24 alley alsc gives a better £it with

the experimental wvalues compared ta the linear regression re-

sults. The regression equation for LM £4 alloy is:
h =3.3 H~ 302.813

Thus, in both the cases, the model gives a better fit with exper-
imental +wvalues. However, this deviation in h would not affect
the calculated temperaturs values significantly as seen from the

sensitivity analysis presentec in section 7.9.

The wvalues of the material properties and h_,, used for the two

.cases are given in Takle 7.2.

In the case of experiments with a receding casting interface, b
is affected by the length of the casting L in additicn to the
metallostatic head which is given by the sprue height 5. In-

crease in casting height L gives a higher value of h.

The measured values of a and § for the smooth chill from the
chill roughness profiles are given below and it can be seen that

the values used in the calculaticns are within the range of

measured values.
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£



e L ——

cArameTers fange of measured Values used wn

values calculaticon:®
a(mm) 0.0 = §0.235 0.2
i) 36 - 63 34
a (") 150 = 175 170-172

Table 7.2 Paramaters used for the calculation of hyrg

using the medel

Allove .
?arameters IM & LM 24
a 170° 172°
g (H/m) 0.84 0.855
Rmasc (H/3° K) 1700 1900
afmm; 0.2 .2
i - 38" 1ge
k (W/m K) 0.0241 0.0241

7.3.5 Time for end of stage II, tpy:

In the experiments with constant nmetallestatic head, stage III
does not occur within the duration of the experiment. In the
case of experiments Wwith a receding casting interface, two types
of wvarlations in h are seen- {1} & variaticn showing 3 distinct
stages I,II and IIT with tr and t;7 showing end of stage 1 anrd
stage II respectively: {ii) The second t?pe of wvarilation is
represented by line 4 in figure 4.1 in which +the behavior
changes from stage I to stage IIT directly without a distinct

stage II. longer casting heights with considerable wvolume of
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metal show this trend. In *he cases where a distinct stage [I is
seen, this is found to be related to the freezing time of the
ingate an¢ occurs arcund 75 seconds for small ingates. Castings
with the medium ingate show a freezing time of approximately 235
seconds. Castings with a large ingate show a value of t;; much

larger than 300 seconds and the experimental result is similar to

that of the constant metallostatic head experiment within the

duration of the experiment. ¢

7.3.6 dh/dt in stage III:

In all castings with a receding castirg interface, a distinct
stage III within the duratien of the experiment is seen and h 1is
seaen to decrease linearly with time in this stage within the
duration cf the experiment. The value of the slope of this line

i.2., =-dn/dt iz found to be affected by casting height L and the

sprue height 3.

The contraction of the casting cderends on its length, longer
castings having a higher amount of contraction. The actual
extent of contraction alse depends cn the solidification contrac-
tien of the type of alloy used. This c¢enhniraction causes the

receding of the casting surface Zrom the chill surface as de-

scribed earlier.

The effect of sprue height i1s tc increzse the metallostatic
prassure and hence the value of b in the initial stages of cast-
ing solidification. A high value of h implies faster heat ex-

traction and hence a faster decrease in the length of the casting
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[ due tc contraction. This means that dhsdt also ilncreases with
increase in the sprue héiqht 5. Depending 2n the initial wvalue
of h and the subseguent value of dh/dt, the lines showin The
variation of h with time for twWo castings may <ross  QvVer under

suitable conditions i.e., the casting with a high initial wvalue

~f h may have a very low value in the later stages as observad in
figures 7.7, 7.9 and 7.10. The movement af the masting 1s hin-
déred by friction between the casting and the chill surfaces as
daccribed earlier. The effect of friction cannot be determined
accurately since its variacion is not always predictable. In the
case of IM 6 alloy for a sprue height of 150 7m, with a small
ingate, the wvalue of -dh/dt is 2.65 Hjmz K.s for a casting height
of 200 mm, ©0.16 W/m? K.s for a casting height of 130 um and
almost zeroc for a casting height of 100 =m. The correspending

rezults for the same configuratien with IM 24 ailey are 4.36, 3.5

and 1.74 H;nz ¥.s for casting heights of 24U, 150 and 100 mm

respectively.

From the akove discussion, 1t is seen +hat a number of factors

influence the value of h _in stages I apd II and the value of

dh/dt in stage IIL.

7.3.7 Air gap measurements:

The variation of air gap size and the walue of h obtained using

the air gap size are presented in figure 7.1é, The variation of
h with time obtained from the splution of the inverse heat con-

duction problem and from the air gag measurements agres Teasona-
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bly well considering the variability in h. The 2l1f¥erence

betwean the two values of h can be attributsed to:

l.Neglecting the oxide and other films on the casting and reld
surfaces in the calculaticn of b using air gap. 1i) In *he later
Stages, effects like a change in the thermal conductivity of *he
gases in the gap and oxide film with temperature are neglected

and this can account for the deviation between the *wa values.

7.4 Effect of insulating mold coats®

The effect of insulating mold ceats is to reduce the value of h.
The reduction in h is due tc the insulating nature of =he coating
material and the extent of reduction in h depends on the thick-
ness and the thermal conductivity of the coating at the elevated
temperature. Further, the coatings are porous in nature and this
alters their effective thickness and thermal conductivity., XNenru
[?] found that silica mold ccats increase the freezing tirme and
there is an optimum coating thickness for which the freszing time
is maximum. Flemings et al [92] showed that sratings affect ke
heat transfer rate initially but do not prevent the subsecuent

rapid heat extraction.

In the present studies also, the value of b iz feound tc be lower
than the corresponding uncoated chills in both eonstant metalio-
static head experiments (as shown in figures 7.3 for IM 6 and 7.4
ter LM 24) and in receding interface experiments f{as shown  in
figures 7.13 for IM 6 and 7.14 for LM 24). It i= also sean that

the coating thickness of 0.46 mm of alumina and ©.34 mm of fire-
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zlay causes a marglnal decrease in h. This is 1n agresment wiIh

rhe onservations of Nehru [81 and Flemings et al [(9li.
I

The walue of h with 0.24 mm fireclay coating is only marginal:y
higher than that with 0.46 mm of alumina coating in the case of
castings poured Wwith constant metallostatic head. With a reced-
ing interface experiment, the differences in the h value Dbetween
alumina and fireclay coatings is more prominent . This can ©De
attributed %o the larger difference®in the thermal conduct vity
values between alumina andé fireclay [10%] at the lower cniil
surface +temperature in the case of axperiments with a receding
casting interface. Ancther importankt effect of the meld coats is
that they give a smoother surface finish to the castinz. Thie

can bhe attributed te the fact that while applying the <cating,

the powdery material fills the valleys on the mold surface and
presents a smeocother surface on +he mold. This would alss result
in a smoother surface finigh of the castings. Quantitative

estimaticn of the effect of mold coats on b i=s not underzaken 1n

this work.
7.5 Effact of chill roughness

It is generally recognized that the case of a rough chill results
in a lower value of h compared to that with a smooth c2ill
[52,27]. The present model developed also shows thatr suriacs
roughness influences h and that for heat transfer calculatlions,
the roughness is characterized by the two parameters a and 8 and

that a single measurc of roughness like the RMS value cannot he

satisfactorily used ta explain the variatien of h with
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pressbre. Generally, the seml-apex angle § falis within a narrow

ranga for machined surfaces produced py wenventional cu

Eoemls witn standard geometry of cutting edge. Hence, fovr

h is affected by the value of a alone.

these standard grooves,

Increase in a, results in a decrease in b as seen from the

The results obtained in the gpresent

rasults ir figure 4.7 4.

experiments alse show a trend as expected i.e., h deceases with

lInMcrease 1n roughness. Quanzitatiye estimation of change in h

roughness paramsters 1s not undertaken as

with change in

i5 not within the scope of the present work.

7.6 Aluminium- lithium alloy:

The wvariation of h with time far the Al-Li alloy are presented

in filgures 7.6 and 7.15 for constant metallostatic head and

e
'

receding <¢asting interface arrangerment respectively. The <oon

stant metailostatle head experiment shows that the values cf h

are much higher for the Al-Li alioy than the corresponding valiues

for LM 6 and IM 24 alloys. This high value of h can be attrizuz-

aed Eto  the

[115]. As seen from

results in a higher

liguid metal profile
width., In contrast to the
ment, the

very laow surface tension (¢.56 H/my of

value of h in the receding interface

th}s alloy
the results in figure 4.7 e, decrease in ¢
valqe of h due to the lower radius of tne
in the grocve resulting in reduced air gap

censtant metallostatic head arranga-

arrangement is

much lower for this alloy znd falls within the same range as 1M ©

and LM 24 alloys.
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7.7 walidation of the regults:
|

In the resent study, the model developed for estimating the

Tl

values of h in Steady state one 2imersiocnal heat flow for can-

stant metallestatic head experiments, is found to give wvalues

which agree satisfactorily with the experimental values. This is
to be expeczed since the variables affecting the value of h have

bean incorgorated in the modei. 0On the cther hand, the number cf

variakles  which affect the variatien of b with time in the case

L
of receding casting interface experiments are more and toc incor-

porate these variables which vary with time, a more elaborate,
dynanic model is needed. The develapment of such a model is nor
within the scope of this work. In the present case, the repre-
sentative ~values for the variation of h with time in receding
casting interface experiments have been oktained and these values
nave been okbtained for validating the experimental results. The

values of h obtained from the model are validated by the exgeri-

mental resuits of constant metallosta“ic head arrangement,

7.7.1 valifation of experimental results using representative

values of h:

The variation in the value of h with timeg is obtained from 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-
iations, the boundary conditions and the initial temperature

distribution are maintained at the same values as that used for
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IHCP. As dlscqsseu earlier, this wvariation of h with time can be

represented by valiules af hy, hyy. t;. tyy and dhy/dt. Using these

representative Lalues, the time temperature distributicn obtained
from these calculations in che casting and the chill are given in
figure 7.19 for LM & alloy and in figure 7.20 far IM 24 alioy.
These calculations are performed for the case of L = 200 &m,

nkab

§= 150 mm, using a small ingate for LM 6 alloy and for L = 100

and 5 = 150 mm with a small ingate fcr LM 24 alloy.

JFrum these results, it is seen that the agreement on the chill
side 1s excellent and an the casting side, the agreement Iis
satisfactory considering the fact that factors like turbulence,
variation of properties with temperature ete. have not beaen
considered in the calculaticns.

7.7.2 validaticen of the rasults from the model for constant

-

metallostatic head arrangement:

The model has been used to calculate the values of hr and hyy for
the experinments for the constant metallostatic head. These
values are usad for calculating the temperature distributies in
the case of beth the alloys. The calculated and measured tenper-
atures in the casting and chill for LM 6 alloy is shown in
figure 7.21 and for IM 24 alloy in figure 7.22. From these
results, it is seen that the values obtained using the model are
gquite satisfactory for predicting the value of b in the case of

censtant metallastatic head experiments.
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7.8 rauses for the variation in the wvaluea of h:
1

Thae axperisentally measured values of b under identical experi-

1
i C | .
mental conditicns shows a variation of less than 20%. However,
in some experiments though h shows a definite wean value or
definite trend, scatter is observed around the experimental

value. The causes for +he variation in the values @f h are

discussed below.

7.8.1 Experimental disturbances:

one of the experimental causes for the fluctuaticns in b is the

turbulence during pouring and this has been discussed 1n the

earlier sacticn. Another important chservatieon is that in some
experiments, the electrical noise affects the thermocouple read-

ings giving rise to slight fluctuations in the temnperature values

and whenever this cecndition occurs the value of h shews a greater

scattar.
7.8.2 Physical causes:

Variaticn in h can occcur due to the change in the eguivalent air
gap thickness Y; aleng various locations on  the casting/mold
interface. This wvariation is possible since the +thickness of

cxide and other adhersnt films at all points on the casting and

mold surfaces cannot be expected bo remain constant.

A second cause for the variation in the value of h is the change

in the back pressure Pg+P;. This can occur iF there are block-

Local regions in the

ages for the flow of gases in the grooves.
-~
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grocves may have different values or the back pressura and i this
can lead to variat:ion in bh. Further, the grooves wnicn have: been
assumed to Le made up cf unifcrm ¥ grooves or ccocmbinaticsng  of
uniform V grooves may have complicated profiles and this may
affect the variation of h with pressure P to a certain extent.
Finally, <hanges in surface tension due to the presence of sur-

face contaminants can c¢ause changes in the values ©f h to a

limited extent.
7.9 Sensitivity Analysis:

A sansitivity analvsis is performed to determine the variatien in
the calculated temgerature with a change 1n the walus cf h for
the receding interface arrangement for the two alloys, IM &6 and
IM 24. From these experiments, 1t is seen that the overall wvalue
of h vary over more than one order of magnitude and in individual
experiments, the variaticn is more than a facter of 2. & large
amount of this variaticn c¢cours only in stage I due tc the turbu-
lence and it 1s recommended that these fluctuations are snoot-
hened out by taking the mwean value of h in this stage. If this
fact iz taken inte acgeount, then it is observed that the maximum
variation is less than a factor of 2. Hence, the sensitivity
analysis is ecarried out in all cases with a factor of 2 and one
exanmple is provided for each of the alloys LM 6 and LM 24. The
change in the calculated temperatures with a doubling of hp, tp,
hyr. typ and dh/dt in the case of constant and receding interface

arrangement for IM 6 and L¥ 24 alloys are given 1n Tahle 7.1.

These changes are calculated corresponding to the temperatures T,
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and T- in the chill and the casting respectively at 100, Z00 and

-

300 seconds.

The calculated température vaiues in the casting and <chill are
found to be sensitive to hy; and dhy/dt in the case of both the
alloys. Varlations in h;, t; and t;; do not affect the Gtempera-
ture distribution significantly. The freezing time ty 1s af-
fected by changes in hy in the case of LM 6 and LM 24 alloys. In
the case of LM 24 alicy, it is found that changes in hy;y and
dh/dt alse affect the freezing time significantly and that
changes in tpp affect the freezing bime marginally. These results
are to be expected in this case since ty for IM 24 alloy is more

than the duration of stazge I.
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b. Alley LH24

(Receding casting interface expt.,swall ingace, L=100 mx, 5-150%m]

Standard Freezing Casting Chill
values* time Temperatures T, at Temperatures T, at

tf,s l00s 200s iDas 1068 200= 300s

(*<) (<)
hI = L3l% 170 532 512 492 304 340 isd
by = 585G
)

tII S0
dh/dt = 1.74 >
hp = 3838 157 524 511 492 o2 339 1a0
th= 1400 149 532 L 45z 04 330 gl
hyy= 2680 94 515 494 480 127 356 374
tII: 100 161 B32 510 441 3086 341 jel
dh/dt =3.45 189 333 517 GO0 102 134 351

* {nits for h 1is W;mz ., £t is s and dh/dt is Wsz K s
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CHAPTER B

COMCLUBIONS

From the results of the calculations using tae model to determine

the value of h in steady state unidirectional heat flow, the

following conclusions can be drawn.

i L satisfactory model for ohtaining the mean value of h 1in
stage I (hy) and the value of h an stage II thyt) at the
mold/metal interface iz developed for the case of steady
state oOne dimensioﬁal heat flow. AD analytical methed - for
eyaluating h for geometrically regular Jroeves, grooves 1in

parallel, dToOVes in series and random comblnaticen of grocves

is alsc presented.

2 Tme model shows that the heat flow acrcss the casting/mold
interface depends cn the topography of the #=nld surface and
at least two parameters are neccssary for re;resentinq- the
surface topegraphy for heat flow predictions. In the medel
developed in the present study feor rarallel, uniform V
groocves, the surface 1is characterized by the semi-apex angle
g and the half mouth width of the grcove a for predicting

heat flow across the interface.

.
-

3. For a mold surface containing parallel uniform v grooves, the
parameters which influance the value af b are, the half
mouth width of the grocve &, semi-apex angle of Ehe grocve a,
surface tension of the liguid metal o, advancing contact

angle @, net metallostatic pressure P, thermal conductivity k

O
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a4

ailr at the interface and air gap egulvslent - ol axide

o
(X}

and other flims at the interface.

h increasas with (1) decrease in a (1i) increase in g (iii)

decrease in ¢ (iv) decrease in @ and (v} increase in K.

The interfzcial heat transfer coefficient nas a low value at

low pressures. Above a critical pressure determined by the

groove ccnfiguration, h rises steeply and then with further
L

increase in pressure, reaches a steady vailue determined by

b

The mold surface profile can be satisfactoriiv repressented by
treating it as  {i) a random combinakion of uniform V grooves

in series or in parallel and (ii) a fractal surface,

The varizaticn ¢f h with P shows a sguare yoot relaticnship
i.e., N« /P when the value of h is calculated using =he model

for a fractal surface when the range of pressurss amploved is

large i.e. from 1 x 10 5 to 100 x 10 ° Pa.

from the experimental results and the model of the cresent study,

the following <concliusions can be drawn.

a.

The general variation of h with time in unidirectional heat
flow shows three distinet stages- I, II and IIZI. Stage 1
shows a high fluctuating value, stage II shows a steady value

and stage III shaows a decrease in h with tine. Specific

cases may show absence of stage III as in the case eof con-
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stant =etallostatic head experiments or absence g ntage I

| as in some experiments with receding casting Lntariace. !

I 4. The exparimental mnethod developed in the present Work 1S
satisfactory for the determination of h in the case of con- ]
stant metallestatic head and receding casting interfacs

arrangement for unidirectional heat flow.

"

10. Beck's non-linear estimation procedure is & csatisfactory

solution for determining the wvalue of h from the temperature
L |
measurements obtained in the present experiments. Far the

experimental conditions used here, a time interval cf O,

471
P FE PR CF g . L

seconds for temperature measurements,l sacond for the deter-
minatien of heat flow rate g and the use of one set oc

future temperatures is found to be gsatisfactory.

rTERRENTER, IR, Yhp "

11. The wvariation of h with change in metallostatic hezd is

o W e,

satisfactorily exslained by the model for stages I and Il

The experimental results validate the model devaloped in <the

! present study.

12. The model developed in the present work gives a better fit
betwesn the value of h and the metallostatic head, compared
to +tha linear regression values. However, cansidering “the
sensitivity studies, the linear regression results are satis-

factory.

13. The wvariation of h with time is affected by castirg height,
sprue height and ingate size in the case of experiments with

a receding casting interface. Increase in casting height L :

-" ——rn 2= -
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14.

15.

1%.

20.

i
and sprue height 5 affects che vaiue of hy and dh/ct whereas
ingrease 1a the size of tne ingate affects the time tpp TOF

the onset of stage IIIL.

In experiments with receding casting interface, the slope of
R with +time {dh/dEt] is found to remaln a consfant 1.e.h

decreases linearly with tine.

Insulating meld coats decrease thesvalue of the interfacial

heat transfer coefficient b.

Inereasa in chill surface roughness decreases the wvalue cif h.

The type of alloy affacts the values of h considerably- Al-Li

allocy has the highest value af h, followed hy IM 24 and LM &

alloys.

The wvalue of h© obtained by air gap measurements shcws &

satisfactory agraemenkt with that chtained from temperat.re

measurements.

Frem the studies on the validation of Ehe model, it is sean
that the temperature values obtained by calculation using the
values of h from the various studies agree guite well on the
enill <cide and reasonably well on the casting side with £he

temperabures ohtained experimentally.

The calculated temperature values in the casting and chil:
are found to be sensitive to hyy and dh/dt in the case o

photh the alloys. variation in hj, tp and t;p by @ factor oOf

- il

e L il e T il
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1
two |does neot affect the terperature distribution  signifi-

1
|
cantlyl. The freezing time s affected by the wvalues of B iIn

the initliIal stages.
i

226




|
SUGGESTIONS FOR FUTURE WCRR

The variacisn &f h with surrace roughness paramsters mave  to

[

ke determined using mold surfaces with well detfined

roughness parameters a and #. This raguires preparation of

mold surfaces by precision rachining technigues.

The effecz of meld coats  of different materials and
thickness should ke evaluated quanEitatively and this pas to
ke related +o5 the madel- The wvariatieon 1N thermal

conductivity af the coating materials should he incocrporated

in the caleulations.

The effect of chill materials and of preneating the chill on

the variation of R with time should ke evpluated

quantitatively and related to the model.

The efFfact of water coeling of the chill on the wariation of

h with time should ke studied.

A meodel for the dynamic variation of L with tire
incorporating effects of changes in casting dimensicns and

frirticn between coating and mold could be developed.

&
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