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Abstract—An experimental and numerical study were made on the time-varying heat transfer coefficient
h(?) between a tube-shaped casting and metal molds. One dimensional treatment was adopted in analyzing
the heat flows between the casting and the inner and the outer mold. The sequential function specification
method was employed to solve the nonlinear inverse heat conduction problem. In order to investigate the
different behavior of 4(¢) for different alloys, casting experiments were carried out with three Al-base alloys
and pure Al having different types of solidification behavior. It was found that the temperature change of
the outer mold showed a normal heating and cooling curve. However, that of the inner mold was unusual
especially for the alloys with a wide solidification range, i.e. the temperature increases first rapidly, then
halts for a while and then increases again showing finally a regular heating and cooing curve. The resulting
heat transfer coefficient at the interface to the inner mold 4;(¢) decreases temporarily and then increases,
while the one at the interface to the outer mold 4,(z) decreases monotonously to a quasi steady state. The
abnormal heat transfer phenomenon at the inner interface for the alloys with a wide solidification range
was concluded to be caused by a slight movement of the semi-solid inner wall at the inside of the tube-
shaped casting due to the solidification contraction of the casting freezing in a mushy type. © 1997 Elsevier
Science Ltd.

1. INTRODUCTION

During the solidification of metal casting, heat trans-
fer resistance at the interface between the casting and
the mold depends on many factors, such as contacting
pressure [1], oxides on surfaces, roughness of surfaces,
coating material, coating thickness and gap formation
due to the deformation of casting and mold [2], to
name a few. The eflect of the heat transfer coefficient
(inverse value of the thermal resistance) at the mold/
casting interface and its time dependence on the sol-
idification are of prime importance, especially for
castings in metal molds. The solidification process of
the castings in the metal molds can be simulated by
computer if the heat transfer coefficients 4(r) at the
casting/mold interfaces are made available. To deter-
mine the heat transfer coefficient, it is necessary to
develop a mathematical method which enables a cal-
culation of the coefficient at the interface from
measurable quantities, such as thermal histories at
various thermocouple locations.

If the heat flux or the temperature history at the
surface of a solid are unknown, they should be esti-
mated inversely by solving the heat conduction prob-
lem (inverse heat conduction problem, IHCP) from
the measured temperature histories inside of a body.

One of the earliest papers on the IHCP by Stolz [3]
addressed the calculation of heat transfer rates during
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quenching of bodies with simple finite shapes. Frank
[4] suggested a least-square method for determining
the rate of surface heat input which best fits the
interior experimental temperature data. Beck [5]
developed the basic concepts that permitted much
smaller time steps than the Stolz method and sta-
bilized the inverse problem by using future tem-
peratures (measured temperature after the instant
when the heat flux is to be determined) in a least-
square minimization procedure. Ho and Pehlke [6]
studied interfacial heat transfer on two types of cast-
ings with different locations of copper chill. In order
to calculate the interfacial heat transfer coefficient,
they adopted an implicit finite difference formulation
with the enthalpy method, based on the nonlinear
estimation technique. Nishida et al. [2] calculated the
heat transfer coefficient for the outer surface of a
cylindrical casting of Al and Al-alloys.

There are many articles concerning the heat transfer
coefficient at the interface between castings and outer
molds. However, the studies on the effect of a core or
an inner mold are scarce. The purpose of this study is
to determine simultaneously the interfacial heat trans-
fer coefficients at the inside and the outside interface
of a tube-shaped casting. Toward this end, laboratory
casting experiments have been made together with the
computational study. For the calculation of transient
interfacial heat transfer coefficients at the interface
between the casting and each of the inner and the outer
mold, the sequential function specification procedure
proposed by Beck was adopted [7]. The characteristics
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h.(T) heat transfer coefficient from the
inner mold to the air

ho(T) heat transfer coefficient from the
outer mold to the air

H total enthalpy of the casting

k thermal conductivity of the casting

k,(T) thermal conductivity of the mold

p number of future times

r radial coordinate

R, R, inner radius of the inner mold and
outer radius of the outer mold

S the sum of the least square error

t time

NOMENCLATURE
d thickness of coating or air gap T calculated temperature
h(?), Bi(9), h(t) unknown heat transfer Taie temperature of environment
coefficient at the casting-mold Tea interface temperature of the casting
interface T, T interface temperature of the inner

mold and the outer mold

Y measured temperature.
Greek symbol

p density.
Subscripts

c coating

g gap

i inside interface

M+i timeindex (i=1,..., p)

o outside interface.

of the time-varying heat transfer coefficients at the
interfaces were discussed in the view of thermal defor-
mation, solidification contraction, solidification range
and solidification types.

2. CASTING EXPERIMENTS

A set of molds for a tube-shaped casting, as shown
in Fig. 1, was made of hot worked die steel (SKD61).
Sheathed thermocouples of K-type with 1.5 mm diam-

¢

eter were inserted into the holes with 1.6 mm diameter
and 30 mm depth for the measurement of mold tem-
perature. The thermocouples were pushed slightly
against the bottom of the holes in the molds with a
spring to attain a good contact to the mold. The tol-
erance of the positions of the holes were +0.1 mm.
The thermocouples, numbers 3 and 4 (TC3 and 4
as shown in Fig. 1) in the casting were positioned
accurately in the die cavity with a thermocouple
holder prior to pouring. Top surfaces of the molds
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| TC7 TCZ\ / €S cs
TC1 ) /rce
| 1
4 ' X + . -+ N lk \
N g\
'd R
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—ee—— | 1’ 3 R + R b }:\ 30
| %3' > . + . b r
(% PN 60
| 45 //rl*_’*’*t'k Jr_
60 [/ ) L
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MOLD MOLD
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TCH# ) from CENTER|TCH | from CENTER

TC7| 22 mm TC4 56 _mm

TC1 40 mm TCS 62 mm

TC2 43 mm TC6] 65 mm

TC3 49 mm TC8 B3 mm

Fig. 1. Experimental setup for a tube-shaped casting.
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Table 1. Chemical composition and solidification type of cast metals

Material Si Cu Mg Fe Ni Al Soldification type [8]

ACBA 12.7 1.2 1.2 — 1.1  Bal Mushy

A356 7 0.2 0.3 0.2 0.05 Bal. Primary : mushy
Eutectic : shell forming

Pure Al — — — — — 997 Shell forming

Al-Si eutectic 12.6 — — — —  Bal Shell forming

Table 2. Thermophysical properties of casting alloys and mold [9]

Material ACBA A356  Pure Al Al-Si eutectic SKD61 steel

Density at 20°C (kg m ™) 2173 2685 2700 2710 7850

Specific heat at 100°C J kg ' K™Y 963 963 917 972 483

Thermal conductivity at 25°C 145 159 238 141 k, = 47-2.741n (T°C)
Wm™ 'K

Latent heat of fusion at (kJ kg~") 389 389 397 389 —

Liquidus temperature (°C) 565 615 660 577 —

Solidus temperature (°C) 540 555

and the casting were insulated with ceramic paper,
and the base was made of insulating brick to attain
one-dimensional heat flow in the radial direction.

Table 1 shows the chemical composition and the
solidification type of cast metals selected to study the
effect of different solidification types on the heat trans-
fer coefficients at the interfaces. The melt was prepared
in an electric resistance furnace. The pouring tem-
perature of AC8A, A356 and Al-Si eutectic alloy were
about 770°C, and that of pure aluminum was about
820°C. The molten metal was poured into the mold in
about 3 s. The temperature of the casting and the
molds were measured and logged onto the hard disk
of the computer, and then were used for calculating
the interfacial heat transfer coefficients. A data acqui-
sition system and eight sheathed thermocouples were
used for measuring the temperature at 100 ms inter-
vals.

The properties of the cast metals and the mold are
listed in Table 2. The thermal conductivity of the mold
was considered as a function of temperature [9]. In
order to investigate the coating effect, AC8A alloy
casting experiments were carried out with a graphite
base coating (TOYOCA-ACE GR-851) and a white
coating (FOSECO-DYCOTE 39). The graphite coat-
ing was sprayed using a spray gun, and the white
coating was brushed evenly. The coating thickness
was around 70 and 100 um for the graphite and the
white coating, respectively. The thermal properties of
coatings depend on the materials (minerals, powder
size, binder, dilution etc.) as well as the porosity and
the thickness of the coating, and can be measured
effectively with melt filled in the mold. The voids at
the mold/coating interface and the porosity in the
coating itself have a great effect on the thermal con-
ductivity of the coating. The voids at the coating/melt
interface have also a big effect, and depend on the gas

evolution from the coating, surface tension of the melt
at the melt/coating interface and the pressure in the
melt. It is therefore difficult to predict the exact ther-
mal properties of coatings. In the present study, the
calculated interfacial heat transfer coefficients are the
result of the total heat transfer resistance at the cast-
ing/mold interface including coating, oxide skin, voids
and gap.

3. METHOD OF SOLUTION

The Fourier heat conduction equation was inversely
solved subject to the initial and boundary conditions

(%)

where the total enthalpy H can be split into the sens-
ible and latent heat components. Equation (1) was
discretized by implicit finite difference formulation
based on the enthalpy method [10]. The relation that
holds at the inside and the outside interface is ex-
pressed as

H_12

P ot = ror (1)

oT(r,
kDD [ Ta-T Ca)
D TTED — p T~ Tl @)

The boundary conditions on the cylindrical surfaces
of the molds facing to air are

k) T (DT~ TR, 0]

R

r

(32)
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o, n|  _ o (TDT(R,, 1) — Tair]
or R

r=R,

—kn(T)

(3b)

where h,,,(T) and h,,(T) denote the inside and outside
heat transfer coefficients to air, respectively. These are
calculated from the surface temperature of each mold
by including the convection and the radiation heat
transfer to air:

h(T) = hyy +ea[T(R;, )+ T [T(R;, )? + T2,
(42)

om(T) = hoir +£0[T(Ro, 1) + T [T(Ro, 1) + T3]
(4b)

where ¢ and o denote emissivity (0.8) and Stefan—
Boltzmann constant (5.67x 1073 W m~2 K%, and
hyeand Ty are 15 Wm~2K ~'and 297 K, respectively.
As the initial condition, an instantaneous filling of the
mold was assumed and uniform initial temperatures
in the casting (maximum temperature measured in the
casting during pouring) and the molds (20°C) were
assumed.

One way to solve the inverse heat conducting prob-
lem (IHCP) is to assume a functional form of the
interfacial heat transfer coefficient variation with time.
This is called the function specification method [7].
The function can be a sequence of constant segments
or of other forms such as straight line segments, par-
abolas, etc. The sequential function specification pro-
cedure proposed by Beck is to assume temporarily
that several future heat transfer coefficients are time-
invariant [7, 11]. The procedure of Beck [7] depends
on the minimization, at regular finite time step, of the
following function :

S= 3 (Yursi= T’ ©)

where Y, and Ty, represent the measured and
calculated temperatures at various times, respectively,
and p denotes the number of future time. The use of
future temperature improves greatly the stability of
IHCP algorithm and reduces substantially the sen-
sitivity to measurement errors [11]. The algorithm
with one future temperature is used in the present
analysis. Further discussion of this method is com-
piled by Beck ez al. [7, 11]. The transient heat transfer
coefficients were calculated for every 1 s interval from
the time of pouring to 80 s after pouring. It was found
that a greater number of future temperatures is necess-
ary to improve the stability if a time increment smaller
than 1 s is used. The increment of 1 s was selected to
get more stable and faster results.

Among the heating curves obtained from the six
thermocouples in the molds (Fig. 1), the ones mea-
sured nearest (2 mm apart) to the interface were used
as the known temperature history for calculating the
interfacial heat transfer coefficients; i.e the heating
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curve from the thermocouple TC2 was used to cal-
culate A;(¢), and the heating curve from the ther-
mocouple TC5 was used in calculating h,(f). The
measured temperature curves from the other ther-
mocouples were used to test the accuracy of the cal-
culated A(7).

4, EXPERIMENTAL RESULTS

The results of five typical casting experiments are
presented here. The casting experiments with AC8A
alloy with the graphite coating and the white coating
are examined first, followed by those with A356 alloy,
pure Al, and Al-Si binary eutectic alloy in the mold
with the graphite coating.

4.1. AC8A alloy casting and the effect of coatings

Figure 2(a) shows the changes of temperature in
the casting and the mold with the graphite coating for
ACB8A alloy. The cooling curves of the casting (TC3
and 4) and the heating curves of the outer mold (TCS5,
6 and 8) are as expected. However, the heating curves
in the inner mold (TC1 and 2) show an abnormal
behavior, i.e. the temperature increases first rapidly,
then halts after about 8 s for about 12 s and then
increases again to approach the casting temperature.
The solidification time of the casting (at the thermal
center) is about 23 and 32 s in the graphite and the
white coating, respectively.

Next the experiment with AC8A alloy was per-
formed with the white coating and the results are
shown in Fig. 2(b). The curves are very similar to those
for graphite coating, except that the solidification time
increased. It may be attributed to the larger thermal
resistance of the white coating than that of the graph-
ite coating. To make clear the difference of heat trans-
fer through the two coating materials, the calculated
heat transfer coefficients at both interfaces are shown
in Fig. 3. The maximum outside heat transfer
coefficient A,(¢) is about 2700 Wm~=2 K ~' or 1500 W
m~2 K ! with the graphite or the white coating. The
h,(f) decreases rapidly when a self-sustaining outside
wall has solidified in the casting and a gap between
the casting and the mold will grow due to the thermal
expansion of the mold and the thermal contraction of
the casting. The 4,(¢) decreases down to about 250 W
m~2K ~!in 30 or 40 s and then stays almost constant
because the gap would not grow any more, as the
temperature of the outer mold decreases and the cast-
ing contraction is restricted due to the expanding inner
mold. The fast decrease of A,(¢) occurs later for the
white coating, as the self-sustaining outside wall forms
later because of the slower heat transfer across the
white coating.

The general shape of h;(f) for the white coating is
similar to the graphite coating, as shown in Fig. 3(b).
The initial maximum #4,(¢) is close to that of 4,(f). The
temporary drop in A;(¢) appears in both coatings as
can be expected from the abnormal heating curves of
Fig. 2. After this, 4(f) starts increasing again near the
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Fig. 2. Mcasured temperatures vs time for AC8A alloy casting: (a) with the graphite coating ; (b) with the
white coating (note that G means graphite coating and W means white coating).

end of the solidification of the casting and increases
very high up to 20000 or 40000 W m~2 K ! due to
the contraction of the casting onto the expanding
inner mold.

4.2. A356 alloy casting

The experimental result for A356 alloy casting in
the graphite-coated mold is shown in Fig. 4(a). The
abnormal behavior of the heating curves of the inner
mold is also seen in this case, showing even a short
period of temperature drop (TC2).

The shape of A,(¢) curve in Fig. 4(b) is similar to
ACS8A (Fig. 3(a)), and the maximum A.(r) is nearly
2900 W m~2 K !, The A(f) shows a temporal drop
during the initial solidification also in this alloy as
seen in the AC8A alloy case. The phenomenon seems
to be related to the wide solidification range of these
alloys and will be discussed later in detail.

4.3. Pure Al and Al-Si binary eutectic with congruent
melting temperature

To investigate the effect of the solidification types
on the unusual heat transfer behavior at the inner
mold, casting experiments with pure Al and Al-
12.6%Si binary cutectic alloy with congruent melting

temperature were performed with the graphite coat-
ing. The temperature-time curves and A(?) for pure Al
and Al-Si binary eutectic alloy are shown in Figs. 5
and 6. Notice that the temperature of the inner mold
(TC1 and 2) increases without any holding period and
the A;(¢) increases continuously, which is a normal
case and can be easily explained with the thermal
expansion of the mold and the thermal contraction of
the solidified shell of the casting, and the contacting
pressure between the casting and the inner mold
increases. The general shape of the A,(f)-curves for
these alloys (Fig. 5(b) and 6(b)) are the same as for
AC8A and A356 alloys with a wide solidification
range.

It is very interesting to note that the temperature
measured in the casting near the inner mold (TC3)
decreases faster than that near the outer mold (TC4)
for the alloys with a congruent melting temperature,
while it is reversed, i.e. TC4 decreases faster than TC3
for the alloys with a wide solidification range [Figs.
2(a) and 4(a)]. This is the result of the different
behavior of A(f) for the two types of alloys. The
increasing solidification time with increasing Si-con-
tent is attributed to the larger latent heat of sol-
idification of Si.
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Fig. 3. Comparison of calculated heat transfer coefficients for different coating materials: (a) at the outer
and (b) the inner interface.

5. DISCUSSIONS

5.1. Verification of the calculated heat transfer coef-
ficients

The verification of the calculated A;(f) and #,(¢), was
accomplished by calculating the temperature in the
molds and the casting at various locations and com-
paring it with the measured temperatures with TC7,
1, 3,4, 6 and 8. The problem was solved in a straight-
forward manner using the given initial and the bound-
ary conditions, Equations (3a) and (3b), and Equa-
tion (2a) and (2b) with the calculated #;(f) and A,(?).

The calculated temperatures of the molds and the
casting are shown in Fig. 7, and compared with the
corresponding measured ones for the case of ACSA
alloy with the graphite coating. A good agreement is
obtained between the simulated temperatures and the
experimental ones.

5.2. Summary of the calculated heat transfer coef-
ficients

The calculated heat transfer coefficients for various
casting alloys and coating materials are summarized
in Fig. 8. The outside heat transfer coefficient A,(%)
increases rapidly up to a maximum in the initial stage
before it decreases due to the gap formation from the

moment when a self-sustaining solid (or semi-solid)
wall is formed in the outer region of the melt.

The initial increase of A,(f) can be interpreted in
two ways : one is the physically improving contact at
the casting/mold interface and the other is the exper-
imental and calculation errors. The major error could
probably be the false initial condition of the instan-
taneous filling and the uniform initial temperatures
and a minor error in the delay time in the response of
the thermocouple (TC2 and 5 in the present work)
used for calculating A;(¢) and A,(f). The delay time
increases as the insulating coating thickness increases,
the distance of the thermocouple from the interface
increases, and the contact of the thermocouple to the
mold becomes worse. A calculation showed that the
effect of the delay time in heating the thermocouple
under the present experimental condition on the
resulting delay in the A(f)-increase should be less than
2s.

On the other hand, the physical contact between
the melt and the mold should improve as the melt
level increases during pouring and the entrapped air
in the interface escapes. However, the major reason
for the increase of the interface heat transfer
coefficients after pouring is considered partly due to
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Fig. 4. (a) Measured temperatures vs time for A356 alloy casting ; (b) variation of calculated heat transfer
coefficients with time.

rapidly increasing thermal conductivity of the air
enclosed in the coating and the interface with tem-
perature. For example, the thermal conductivity of
the air is 0.026 W m~' K ~! at 300 K and increases to
0.052 Wm~'K~!at 700 K, a 100% increase. As the
surface temperature of the mold increases the tem-
perature and the conductivity of the enclosed air also
increase, which increases finally the interface heat
transfer coefficients.

The coating is a composite of solid coating materials
and air enclosed in voids. The apparent thermal con-
ductivity of the coating can be estimated knowing
the thickness of the coating and the maximum heat
transfer coefficient, assuming that the maximum value
is obtained when there is no gap at the interface. The
roughly estimated apparent thermal conductivities of
the 70 um-thick graphite coating and the 100 pm-
thick white coating are 0.21 and 0.15 W m™*' K~'
respectively, which are.similar to the data of other
works [12, 13]. The graphite coating has a 40% higher
thermal conductivity than the white coating. The ther-
mal conductivity of white coating (Foseco Dycote)
measured by Jeyarajan and Pehlke [12] increased with
increasing thickness from 0.12 W m~! K ~! for 25 um
t00.42 Wm™' K ~* for 200 um, which can be explained
with the decreasing relative effect of the voids at the

surface of the coating as the coating thickness
increases.

5.3. Abnormal behavior of hi(t) for alloys with a wide
solidification range

As shown in Fig. 8(b), the abnormal behavior, i.e.
the temporary decrease of A;(f) is shown only for the
alloys with a wide solidification range. The alloys with
a wide solidification range solidify generally in a
mushy type [8, 14]. Figure 9 shows the typical sol-
idification sequence of the alloys with a congruent
melting point [Fig. 9(a)—(c)] and the alloys solidifying
in a mushy type [Fig. 9(d)—(f)]. The alloys with a
congruent melting point (pure Al and Al-Si binary
eutectic) solidify forming a solid shell and the volume
shrinkage during the solidification can be easily com-
pensated by the liquid metal between the solid shell,
the level of which decreases continuously, and finally
a deep shrinkage pipe is formed.

On the other hand, the alloys with the mushy type
solidification forms a coherent dendrite network [as
shown in Fig. 9(e)] when the solid fraction reaches 10
to 50% depending on the dendrite morphology, which
depends again on the composition of the melt and
solidification conditions [15, 16]. This coherent den-
drite network consists of the bridged dendrites and
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Fig. 5. (a) Measured temperatures vs time for pure Al casting; (b) variation of calculated heat transfer
coefficients with time.

once it is formed, the solidification shrinkage can be
compensated by the flow of the liquid metal between
the dendrites, the so called interdendritic flow [16].
This reveals the skeleton of dendrites slightly on the
surfaces of the finished casting, which was confirmed
also on the present sample casting of A356 alloy.

As the dendrites become thicker the interdendritic
flow requires a larger pressure difference. As can be
understood with the aid of Fig. 9(e) the low pressure
in the casting, caused by the solidification shrinkage,
would pull the coherent dendrite walls on both sides.
It is expected that the convex outer wall is stressed
compressively and the concave inner wall is exposed
to tensional stress. The bridged dendrite network can
be pulled apart much easier than being compressed
together. Therefore only the inner wall is considered
to be pulled outward, i.e. to the inside of the casting
and this should create a gap between the inner mold
and the casting. The solidification shrinkage of AC8A
alloy is about 4% [9] and the compensation of only a
small portion of this shrinkage by the collapse of the
inner wall is enough to create a gap of for example
50 pum. This kind of shrinkage compensation by the
collapse of the coherent dendrite network is called
‘burst feeding’ [16].

The gap thickness at the inner interface at the

moment of the minimum A,(¢f) can be calculated by
the following equation :

hiot = ©)

1 1
hgthy
where h,, = k,/d, is the heat transfer coefficient due to
the conduction of the air in the gap, A, is the heat
transfer coefficient due to the radiation across the gap
and h, = k/d, is the heat transfer coefficient due to
the conduction of the coating. The A, is small enough
to be neglected compared to the A, in the present case.
The h;(£) curve for AC8A with the graphite coating in
Fig. 8(b) shows a maximum of 2500 W m~2 K !
which corresponds to 4. when there is no air gap yet
and shows a minimum of 700 W m~2 K~' which
corresponds to A, when there is an air gap. Taking
the air conductivity at 400°C as 0.05 W m~!' K-,
the calculated air gap thickness is about 50 um. The
movement of the inner casting wall of 50 um cor-
responds to 0.29% of the total volume, which is a very
small fraction of the total solidification shrinkage of
4%. At the moment of the minimum A;(#) during the
experiment, the inner mold could be removed easily
by lifting up, which is an evidence of the gap formation
by the movement of the inner semi-solid shell.
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Fig. 6 (a). Measured temperatures vs time for Al-Si binary eutectic alloy casting ; (b) variation of calculated
heat transfer coefficients with time.

5.4. Total heat transferred to the molds

Figure 10 compares the heat flux density and the
total heat transferred to the inner and the outer mold
for two alloys with different solidification types. Pure
Al solidifying with smooth solid shells loses more heat
to the inner mold than to the outer mold, while the
A356 alloy solidifying in a mushy type loses much less
heat to the inner mold, about 50% of that to the outer
mold by the end of the solidification time of about
20s. Yet as the A,(¢) increases very rapidly in the later
stage, the heat transferred to the inner mold surpasses
finally that to the outer mold. However, the heat trans-
fer until the end of solidification is important for deter-
mining the casting structure. .

The time-averaged heat transfer coefficients, A(f)
and A,(?), until the end of casting solidification are
defined as

t 't
i= [‘h(z)ATdt/f’Asz, )
JO 0
where AT=T,—T,, (or T,,) and ¢, is the sol-
idification time at the thermal center of the casting. 4
and A, for various casting alloys and coating materials
are shown in Table 3. The averaged values presented
here can be used for a more simple calculation of the

total heat transferred across each interface by the end
of solidification.

6. CONCLUSIONS

In order to investigate the characteristics of heat
flow for a tube-shaped casting in steel mold and to
determine the heat transfer coefficients at the outer
and the inner interface, h,(¢) and h;(¢), depending on
the alloys, pure Al and three Al base alloys (AC8A,
A356 and Al-Si binary eutectic), casting experiments
were performed. A computer program was developed
on the basis of the inverse heat conduction problem
to calculate simultaneously both A,(¢) and A(?).

As shown in Fig. 8(a), A,(f)-curves show a similar
shape for all alloys, reaching a maximum of around
2900 W m~* K ~! for the graphite coating, or 1500 W
m~2? K 7! for the white coating, and then decreasing
fast down to around 200 W m~2 K ~! possibly because
of the gap formation at the outer interface due to
the thermal expansion of the mold and the thermal
contraction of the casting.

The h(t)-curves, shown in Fig. 8(b), show two dis-
tinct behaviours depending on the alloys. The h(7)
increases continuously for the alloys with congruent



3522

TEMPERATURE ( C)

TEMPERATURE (%)

Fig. 7. Comparison of simulated and measured temperatures () in the inner mold and the casting; (b) in

700
600

500 |

400
300
200

100

T.-G. KIM and Z.-H. LEE

AC8A (G)

SOLID LINE :
SYMBOLS

EXPERIMENT
CALCULATED

20 40
TIME (sec)

60 80

the outer mold and the casting.



Heat transfer between casting and metal mold 3523

3000
2500 AC8A (G)
ACBA (W)
& 2000 A356 (G)
E Pure Al (G)
z 1500 Al—12.6Si
° eutectic (G)
S 1000
500
0
103
6
4
S~ 2
¥
NE 10 ‘a .
N [
E 4
‘e 2
’.d 3
103
]
] (b)
R X , X
0 20 40 60 80

TIME (sec)
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Table 3. Averaged values of heat transfer coefficients until the end of solidification

ACB8A (G) AC8A (W) A356 Pure Al Al-Si eutectic
E-_(W m~2K™) 1180 950 1240 2680 3800
h(Wm2K™) 1430 1140 1890 1650 1470
Soldification time (&,, s) 23 32 19 15 20

melting temperature, as expected due to the con-
traction of the solid shell of the casting on the ther-
mally expanding inner mold. However, the A,(¢) for
the alloys with a wide solidification range shows an
abnormal behavior, i.e. decreases for a while during
the solidification, before it finally increases due to the
thermal contraction of the casting. The temporary
drop of A(¢) for the alloys with a wide solidification
range should be the result of the solidification con-
traction, i.e. alloys solidifying in a mushy type form a
coherent dendrite network in the early stage of sol-
idification. The low pressure in the casting, created by
the solidification contraction, is considered to pull the
coherent dendrite wall at the inner side, which creates
a gap at the inner interface and decreases 4,().

The h;(¢) and h,(¢) data presented here can be used
for calculating the transient temperature histories in
similar tube-shaped castings of at least similar sizes.
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