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Abstract

Most of the research work pertaining to metal–mold heat transfer in casting solidification either assumes no spatial variation in the air
gap formation or limits the study to only those experimental systems in which air gap formation is uniform. However, in gravity die-
casting, filling effects induce variation in thermal field in the mold and casting regions. In this paper, we show that this thermal field
variation greatly influences the time of air gap initiation along a vertical mold wall, which subsequently leads to the spatial variation
of air gap and in turn, the heat flux at the metal–mold interface.

In order to study the spatial variation of heat flux at the metal–mold interface, an experimental setup that involved mold filling was
devised. A Serial-IHCP (inverse heat conduction problem) algorithm was used to estimate the multiple heat flux transients along the
metal–mold interface. The analysis indicates that the fluxes at different mold segments (bottom, middle, and top) of the metal–mold inter-
face reaches the peak value at different time steps, which shows that the initiation of air gap differs along the mold wall. The experimental
and numerical results show that the heat transfer in the mold is two-dimensional during the entire period of phase change, which is ini-
tially caused by the filling effects and further enhanced by the spatial variation of the air gap at the metal–mold interface.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In gravity die-casting, rate of solidification is influenced
by the heat flow from the metal to the mold. Unlike in pres-
sure die-casting in which the mold and the metal are in per-
fect contact, in gravity die-casting the progressive
development of air gap separates the metal surface from
the mold wall. The spatial variation of the air gap is not
only induced by the geometrical factors of the mold wall
but also due to mold filling effects. This temporally and
spatially varying air gap introduces an additional resistance
to the heat flow from the metal to the mold. This thermal
resistance has a considerable influence in the rate of solid-
ification and thus affects the microstructure formation.
Hence, it is important to understand the mechanism of heat
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transfer at the metal–mold interface to optimize the casting
process.

Much effort has been devoted to understand the mecha-
nism of heat transfer and to quantify the heat flux at the
metal–mold interface [1–9]. More recently, Trovant and
Argyropoulos [10,11] devised a coupling strategy to
develop a correlation between the casting process parame-
ters, such as roughness of the mold, air gap size and con-
ductivity of the gas in the air gap. Carlos et al. [12]
quantified the heat transfer coefficient at the metal–mold
interface for various compositions of Al–Cu and Sn–Pb
alloys. They expressed the heat transfer coefficient as a
power function of time for various alloy compositions.
Loulou et al. [13,14] devised an experimental setup to study
and quantify the thermal contact resistance during the ini-
tial stages of solidification. They claim that the thermal
contact resistance changes in a stepwise manner during
the initial stages of solidification. Prabhu and Suresha
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Nomenclature

c specific heat (J/kg K)
h heat transfer coefficient (W/m2 K)
q heat flux (W/m2)
t time (s)
T computed temperature (K)bT temperature computed for a few future time

steps (K)bT þ bT with enhanced heat flux at the elected segment
(K)

Y measured temperature (K)
x,y coordinate directions (m)

Greek symbols

/ sensitivity coefficient (km2/W)
k thermal conductivity (W/m K)
q density (kg/m3)
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[15] studied the effect of superheat and mold and casting
materials on the heat transfer at the metal–mold interface.
Hallam and Griffiths [16] studied the air gap formation and
its effect on heat transfer at the metal–mold interface in
low-pressure and gravity die-castings of Al alloys. They
quantified the heat transfer coefficient by measuring the
coating thickness and the gap size.

Air gap formation and its temporal nature are evident
from the above-mentioned work. However, the spatial var-
iation of air gap and its effect on heat-flux has not been
studied in detail. Authors in [17] estimated the spatially
varying heat flux transients using a Serial-IHCP-algorithm
at the metal–mold interface. They quantified the spatial
variation of heat flux in rectangular plate castings. How-
ever, their analysis was restricted only to study the effect
of geometrical factors on spatial variation of heat flux.
The present work accounts for the mold filling effects also
in order to analyze the spatial variation of both air gap for-
mation and heat flux.

There are two major methods available in the literature
for estimating boundary conditions at the metal–mold
interface. In one of the methods [16,18], the interface heat
transfer coefficient is calculated by measuring the size of
the air gap at various time steps and by obtaining the cor-
responding thermal conductivity of the air/gas mixture
formed in these gaps. This method can be used only if
the heat flow at the metal–mold interface is unidirectional.
Further, obtaining thermal conductivity of the air/gas mix-
ture is very difficult. In another method [19], temperatures
measured at the mold and the casting regions were used to
calculate the heat flux transients using inverse heat conduc-
tion algorithms at the mold wall. These heat flux transients
were then used to estimate the heat transfer coefficient at
the interface.

The measurement of interface heat transfer coefficient
was often done by careful design of experiments to induce
one dimensional heat transfer. However, in practical situa-
tions of metal castings the metal–mold heat transfer is far
more complicated due to complex casting geometry and
filling transients. Hence, the use of heat transfer coefficient
obtained from simplified experiments for multi-dimen-
sional simulation of complex castings become highly ques-
tionable. In this paper, we have made an attempt to bring
in the effect of mold filling transients on the formation of
air gap along the vertical wall of the permanent mold.

The estimation of multiple heat fluxes at the metal–mold
interface from the measured temperatures is described in
[17]. The basic principle used in this technique is to esti-
mate multiple heat flux components at the surface of the
mold wall from the temperatures obtained at the interior
points. Several algorithms [20,21] have been proposed to
solve inverse heat conduction problems (IHCP). However
the limitation of these algorithms is that the solution
depends on the number of internal temperature measure-
ments. Prasanna Kumar [22] developed a serial solution
for the IHCP for multiple heat flux components at the
unknown boundary. This Serial-IHCP-algorithm is capa-
ble of delineating multiple heat fluxes with over-specified
as well as under-specified internal temperature
measurements.

The main aim of this paper is to show the effects of fill-
ing transients on the initiation of air gap formation and
how it leads to the spatial variation of heat flux at the
metal–mold interface. The Serial-IHCP-algorithm [22]
was used to estimate the multiple heat flux components
along the metal–mold interface. The temperature measure-
ments necessary for IHCP were obtained from the casting
experiment that involved filling along a vertical mold wall.
2. Experimental setup

The objective of this work is to study the spatial and
temporal variation of heat flux at the metal–mold interface
during the air gap formation and to analyze the heat trans-
fer in the mold wall due to filling. In order to accomplish
this task, an experimental setup was devised as shown in
Fig. 1a. The mold cavity consisted of two cast iron chills
placed 60 mm apart and an insulating material placed on
top, bottom and extreme ends of the cavity. Higher thick-
ness (90 mm) and very low thermal conductivity (0.1 W/
mK) of insulating walls are sufficient enough to assume
those boundaries as adiabatic in the numerical modeling.
Medium resistance mold coating was applied along the
inner surfaces of the insulating walls to reduce the surface
roughness. A sprue and a riser were placed on top of the
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Fig. 1. (a) Sectional view and top view of the mold cavity and (b) section of casting and mold wall along A–B.
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mold as shown in Fig. 1a. The thermocouple locations in
the mold wall and inside the casing are shown in Fig. 1b.

The temperatures measured using the thermocouples
were used to estimate heat fluxes using IHCP. Since the
IHCP solution is highly sensitive to the temperature mea-
surements, proper care was taken in the selection and fixing
of thermocouples. The K-type thermocouples used in the
experiment were mineral (MgO) insulated and covered with
stainless steel sheath. The diameter of the thermocouple
wires was 0.233 mm and that of the stainless steel sheath
was 1 mm. The thermocouples were fixed in the mold wall
through 1 mm holes to obtain snug fit and loaded by spring
to ensure proper contact between the sensor tip and the
mold wall. The spring-loaded thermocouples thus ensured
positive contact throughout the experiment and the devel-
opment of air envelope at the sensor tip was most unlikely
even during the expansion of the mold wall. Since, the wire
diameter of the thermocouples was minimal and having
positive contact with the mold wall, the response lag in
the temperature measurements in this experiment was
insignificant.

The thermocouples were calibrated at the melting point
of pure tin and found to have 0.5% error. Six thermocou-
ples (three nearer to the inner surface of the mold wall
and three on the outer surface of the mold wall) were
placed in the mold to obtain the thermal histories to be
used as inputs for IHCP. They were connected to the data
acquisition system, which consisted of an Agilent 34970A
data acquisition/switch unit and a computer.

Commercially available aluminum of 99.9% purity was
melted in an induction furnace till the molten metal tem-
perature reaches 750 �C. Then the molten metal was
poured into the mold cavity through the sprue, in such a
manner that filling process resembled bottom filling. Pour-
ing was stopped once the metal reached the top of the riser
placed on the other end of the cavity. Temperature record-
ings were started well before the metal was poured into
mold cavity.

3. Mathematical modeling

Air gap formation in the metal–mold interface is a com-
mon phenomenon in gravity die-castings. The resistance
induced by the air gap affects the heat flow from the metal
to the mold to a large extent if the mold is metallic. Quan-
tifying the heat flux at the metal–mold interface is not
straight forward as the gap formation is not only irregular
but also transient in nature. The 1-D IHCP algorithm
which is generally employed for estimating the metal–mold
interface heat flux is not appropriate in the case of gravity
die-casting. Therefore, the Serial-IHCP-algorithm devel-
oped by Prasanna Kumar [22] and applied to bar and plate
aluminum alloy castings [17] is adopted in this work to
delineate the multiple heat fluxes at the metal–mold inter-
face. The Serial-IHCP-algorithm is capable of computing
independent heat fluxes in a serial manner as opposed to
the simultaneous estimation. The algorithm is briefly
explained here and the complete mathematical and imple-
mentation details can be found elsewhere [22].

The two dimensional section of the casting and mold
wall is given in Fig. 1b. Since the mold cavity is symmetric
along the vertical mid-plane and insulated on top and bot-



a b

All Dimensions are in mm

q2

q1

q3

q4

q5

Γ′

Γ′
y

x

Exposed
to casting 

kΓ

Exposed to
atmosphere

kΓ

q6

Fig. 2. Solution domain (mold wall). (a) Thermocouple locations and dimension of the mold and (b) boundary conditions.

S. Arunkumar et al. / International Journal of Heat and Mass Transfer 51 (2008) 2676–2685 2679
tom, only the cast iron mold wall was considered as the
solution domain (Fig. 2) for Serial-IHCP-algorithm. Both
casting side and atmospheric side of the mold surfaces
are considered as unknown boundaries and divided into
six segments. The heat fluxes q1–q3 correspond to the
metal–mold interface and q4–q6 represent the heat flux at
the outer surface of the mold wall. In general, only the
metal–mold interface is considered as unknown boundary
and the outer surface of the mold wall is assigned with a
nominal heat transfer coefficient. However, in the present
formulation, the outer surface of the mold wall was also
considered as an unknown boundary in order to avoid
the error caused by the assumption of a constant heat
transfer coefficient. The thermophysical properties and ini-
tial condition of the mold are given in Table 1. The 2D
solution domain given in Fig. 2 was discretized into four-
node iso-parametric elements. The total number of ele-
ments used in this case was 1800 (20 � 90). The conver-
gence limit was set to be 1 � 10�6.

The equation that governs the two-dimensional tran-
sient heat conduction within the solution domain was writ-
ten as
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with initial condition T(x,y) = T0 at t = 0 and boundary
conditions
Table 1
Thermophysical properties of mold material

Density (q) 7274 kg/m3

Specific heat (c) 420 J/kg K
Thermal conductivity (k) 46 W/m K
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The unknown heat fluxes along the inner and outer sur-
faces of the mold are vectorized into (qk)i;
k = 1,2, . . .,p . . ., l and i = 1,2, . . .m . . .,n. Once vectorized,
the heat fluxes are treated as constant over the small inter-
val of time Dt. Similarly, the thermal histories obtained
from experiments are also vectorized into Yj(i);
j = 1,2, . . ., s and i = 1,2, . . .,n. The Serial-IHCP-algorithm
adopted follows the steps given below in order to estimate
unknown independent heat fluxes from the temperature
measurements.

The multiple heat flux components are calculated seri-
ally, one after another, for every time step. The solution
procedure is initiated by assuming the flux vectors (qk)i,
k = 1,2, . . .,p . . ., l, i = 1,2, . . .m � 1; and k = 1,2, . . .,
p � 1; i = 1,2, . . .m as known entities. This assumption
enables us to find the temperature distribution within the
mold wall by solving Eq. (1) using direct formulation.

The objective now is to find the heat flux (qp)m, where p

and m are the present segment and time step, respectively.
The incremental flux value for updating the heat flux (qp)m

is then computed from the expression given below, which is
derived from the objective function.

ðDqkÞm ¼
Ps

j¼1

Pr
i¼1½Y j;mþr�1 � bT j;k;mþr�1�/j;k;iPs

j¼1

Pr
i¼1 /j;k;i

� �2
ð2Þ
where the sensitivity coefficient is as follows.
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/j;k;i ¼
bT þj;k;i � bT j;k;i

� �
Dqk;i

ð3Þ

The terms in the numerator can be represented by the fol-
lowing notation and are computed by solving direct heat
conduction equation using finite element method.

bT þj;k;i ¼ T j;k;i ðqkÞm...mþr�1 ¼ ðqkÞm�1; k ¼ 1 . . . :l; k 6¼ p;

ðqpÞm...mþr�1 ¼ ð1þ eÞðqpÞ
0

������� ð4Þ

bT j;k;i ¼ T j;k;ijðqkÞm...mþr�1¼ðqkÞm�1;k¼1...p...l; ð5Þ

The incremental heat flux obtained from Eq. (2) is used
to update the heat flux of the present segment. The cor-
rected heat flux is then used to solve Eq. (1) to find the tem-
perature distribution within the mold wall. Using this new
temperature distribution, the incremental heat flux for the
same boundary segment is again computed. This procedure
is repeated till the incremental value reaches a minimum.
The remaining unknown flux components are computed
in a similar manner.

4. Results and discussion

The spatial variation of the air gap formation is often
assumed to be uniform along the metal–mold interface of
the mold wall. However, in gravity die-casting, the temper-
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Fig. 3. (a) Time–temperature curve inside the casting, (b) time–temperature cur
at the horizontal mid plane.
ature distribution in the metal and the mold varies spatially
due to the mold filling effects. In this section, we show the
spatial variation of air gap and heat flux at the metal–mold
interface in castings, where mold filling is involved.

We first discuss the temperature variation in the mold
and casting due to mold filling effects using experimental
measurements. Numerical results obtained from the
Serial-IHCP-algorithm are then used to explain how these
variations influence the air gap formation and thus affect
the heat transfer at the metal–mold interface. Further,
the two-dimensional nature of heat transfer in the mold
during entire period of phase change is illustrated using
the thermal field of mold wall obtained at different time
steps.
4.1. Experimental results

In this section, we discuss the experimental temperature
measurements of casting and mold regions. The location of
thermocouples in the casting and mold regions are shown
in Fig. 1b. Fig. 3a shows the cooling curves obtained at dif-
ferent thermocouple locations T1, T2, and T3 inside the
casting. Fig. 3b shows a part of Fig. 3a for the initial
100 s. This figure is used to illustrate the filling effects
and solidification of the metal during the initial stages of
experiment. Fig. 3b clearly shows that the liquid metal
solidifies within initial 100 s of the experiment. Thus the
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measurements made during this time period is vital. In the
casting experiment, the molten metal was filled from the
bottom to the top. Since, the molten metal looses superheat
during filling, the initial temperature decreases from the
bottom (T1) to the top (T3), which is evident from
Fig. 3b and Table 2. Consequently, the start and end time
of solidification also varies at each thermocouple location.
Fig. 3c shows the cooling curve of casting obtained at loca-
tions near and away from the mold wall in the horizontal
mid section of the casting. This figure clearly shows the dif-
ference in solidification time between these two locations.
The hot metal that comes in contact with the mold wall
immediately looses its superheat and starts solidifying
when compared to the metal away from the mold wall.
As soon as the metal starts solidifying near the mold wall,
an air gap begins to develop at the metal–mold interface
due to the solidification shrinkage. This air gap affects
the heat transfer at the metal–mold interface. Since the
time at which the metal comes in contact with the mold
Table 2
Initial temperature, start and end of solidification at T1, T2 and T3

Thermocouple
location

Initial
temperature (C)

Starting time of
solidification (s)

Ending time of
solidification (s)

T1 713.77 27 68
T2 675.27 32 71
T3 667.06 35 75
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Fig. 4. Temperature measurements in the mold wall (a) near the metal–mold in
wall varies from the bottom to top, the initiation of the
air gap also varies along the vertical direction of the mold
wall.

Fig. 4a–c shows the temperature measurements obtained
from the mold wall. The spatial variation of the tempera-
ture along the vertical direction is evident from Fig. 4a.
The temperature difference is higher in the initial 150 s
and it reduces as time progresses. The time–temperature
curves are different from each other. The thermal shock
in the bottom and the middle segment of the mold wall is
large due to the high superheat of the metal and low initial
temperature of the mold. During the time of filling the
metal gradually looses the super heat and the temperature
of the mold wall increases. By the time the metal comes in
contact with the top portion of the vertical wall, it would
have lost most of its super heat and hence the thermal
shock is much lower. The above statement is corroborated
by the smoothness of the cooling curve corresponding to
the top thermocouple (T7). Further, in Fig. 4b, the sudden
change in slope in the curves corresponding to T5 and T7
during the time period of 20–40 s is shown to be associated
with the sudden onset of the air gap formation in the bot-
tom and top portion of the mold wall. Fig. 4c indicates the
temperature measurements at the thermocouple locations
T8, T9, and T10 near the outer surface of the mold wall.

Figs. 3 and 4 clearly prove the following facts: (a) In
gravity die-casting, there exists a variation in the tempera-
ture distribution due to filling effects. (b) The molten metal
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that comes in contact with the mold wall solidifies faster
and forms a thin shell, which leads to a progressive devel-
opment of air gap at the metal–mold interface. Since the
time at which the molten metal comes in contact with the
mold wall varies due to the filling effects, the formation
of air gap also varies along the vertical mold wall.
4.2. Numerical results

The experimental temperature measurements were used
to estimate the heat flux transients at the metal–mold inter-
face using IHCP. Similar to all transient problems, the
IHCP solution is also subject to numerical errors caused
by large time steps. Therefore, we have chosen three differ-
ent time steps (Dt = 1 s, 0.5 s, and 0.25 s) to analyze the
results.

The absolute error between the estimated and measured
temperatures at the thermocouple locations T5, T6, and T7
(near metal–mold interface) is given in Fig. 5a–c, respec-
tively. These Figures clearly indicate that the error is higher
at the early stages (0–50 s) and reduces as time progresses,
irrespective of the time step Dt. These figures also show that
the error between the measured and the predicted temper-
atures reduces as the time step Dt reduces. During initial
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Fig. 5. Error between the predicted and measured temperature at various the
thermocouple T7.
time gap, the temperature variation with respect to time
in the mold wall is higher. Hence, assigning larger time
steps leads to error in the numerical predictions. It is evi-
dent from Fig. 5a–c that the error corresponding to time
step Dt = 0.25 is negligible. Hence, the results obtained
from the corresponding simulation are used in further
discussions.

The mold wall exposed to the casing side is divided into
three equal segments in order to estimate the heat flux at
the metal–mold interface. The fluxes q1–q3 represent the
heat flux at the bottom, middle and top segment of the
metal–mold interface respectively. Fig. 6a and b shows
the transient heat flux at the metal–mold interface and
Fig. 6c shows the heat flux at the outer surface of the mold
wall. The initial transient that is observed in the heat flux
estimations in Fig. 6a is due to the mold filling effects.
Due to the progressive filling of the liquid metal from bot-
tom to top, instantaneous heating of the mold surface was
practically not possible. Hence, the heat fluxes (q1–q3)
reach the maximum after few seconds as opposed to the
theoretical initial maximum (maximum heat flux at zero
time). Fig. 6a clearly shows that the variation of the heat
flux is high during initial stages. Beyond 100 s there is no
significant variation in the heat flux distribution. Fig. 3b
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clearly shows that the solidification of the metal completes
within the initial 100 s. Therefore, the flux distribution dur-
ing the initial stages of solidification is more important
than that at the later stages. The variation of heat flux in
three different segments along the vertical mold wall for
the initial 100 s is given in Fig. 6b. It is generally accepted
that the air gap begins to form when the heat flux at the
metal–mold interface reaches its peak value. The time at
which the flux at each segment reaches the peak value is
given in Table 3. Fig. 6b and Table 3 clearly indicate that
the heat flux reaches the maximum value at different times
in different segments. Therefore, the air gap initiation also
differs for each segment of the metal–mold interface.

Fig. 6d shows the rate of change of heat flux with respect
to time. This figure shows that the air gap formation first
starts from the bottom of the cavity then in the middle
and top. This can be corroborated with the sudden drop
in heat flux during the time period of 10–30 s in the bottom
segment (Fig. 6b). On the contrary, the heat flux at the
Table 3
Maximum Heat Flux at the metal–mold interface and corresponding time

Maximum heat flux (qmax) (KW/m2) Time (s)

q1 1009.764 13.75
q2 733.641 23
q3 669.927 24.75
middle segment decreases gradually. This shows that the
air gap is comparatively smaller in the middle segment than
the bottom. Since the liquid metal looses most of its super-
heat when it comes in contact with the top segment, the
heat flux is low when compared to other two segments.
Further, Fig. 6b shows that heat flux at the middle segment
is more than that of the top and bottom during the period
of phase change. This indicates that the air gap formation
is less in the middle when compared to top and bottom of
the mold wall.

Fig. 7 shows the thermal field in the mold at different
time steps. The thermal fields at the time steps t=10, 15,
25 s clearly indicate the gradual heating of the mold wall
during filling. The heat transfer within the mold wall
remain two-dimensional during the entire period of phase
change (up to 100 s), which is clearly evident from the
Fig. 7. The initial variation in the thermal field is caused
by the filling transients and further enhanced by the spatial
variation of the heat flux at the metal–mold interface. The
heat transfer becomes almost one dimensional at 350 s.

The results obtained from Serial-IHCP-algorithm bring
out the following facts: (a) The heat flux at the metal–mold
interface reaches peak values at different times along differ-
ent segments of the mold wall. This shows that the initia-
tion of air gap formation is different along the metal–
mold interface. (b) The air gap formation is first initiated
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in the bottom and then in the middle and top of the vertical
wall. (c) The heat flux at the metal–mold interface during
phase change is more in the middle than the bottom and
top. This shows that the air gap is minimum at the middle.
(d) The heat transfer in the mold wall is two-dimensional
during the entire period of the phase change.
5. Conclusion

Most of the research work in solidification either
assumes no spatial variation in the air gap formation or
limits their study to those experimental systems in which
air gap formation is uniform. However, in gravity die-cast-
ing, filling effects creates variation in thermal field in the
mold and casting regions. This paper shows that this vari-
ation greatly influences the time of air gap initiation along
a vertical mold wall. This subsequently leads to the spatial
variation of air gap and in turn the heat flux at the metal–
mold interface.

In order to study the spatial variation of interface heat
flux, an experimental setup that involved mold filling was
devised. Commercially available aluminum of 99.9% purity
was used as a casting material and cast-iron was used as
mold wall material. The Serial-IHCP-algorithm was used
to estimate the multiple heat flux transients along the
metal–mold interface. The major observations made in this
paper pertaining to experimental and numerical investiga-
tions are summarized below.

(a) The temperature measurements at the casting and
mold regions show that the time at which the molten
metal comes in contact with the mold wall differs
along the vertical direction due to mold filling.

(b) The heat flux at the metal–mold interface reaches
peak values at different times along different seg-
ments of the mold wall. This shows that the initia-
tion of air gap formation varies along the metal–
mold interface.

(c) The air gap formation is first initiated at the bottom,
middle, and then at the top of the vertical wall.

(d) During phase change, the heat flux at the mid seg-
ment of the metal–mold interface was found to be
higher than the bottom and top segments under the
experimental conditions. This shows that the air
gap was minimum at the middle.

(e) From the above conclusions, it is anticipated that the
complex nature of heat transfer that exists during the
entire period of phase change at the metal–mold
interface could influence the convection in the mushy
region in the case of alloy solidification. In such cases,
it is important to consider the spatial variation of air
gap due to filling transients, in addition to geometri-
cal factors, and its effect on the heat transfer at the
metal–mold interface.
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