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A New Approach in Modeling of Metal-Mold
Interface in Casting Using Finite Element Method

M.T. Ahmadian*, M. Shirinparvar! and P. Davami!

In casting simulation, metal-mold interface consideration plays an important role in the accuracy
of the results. In this paper, casting process is analyzed using Finite Element Method (FEM).
An element with zero thickness is introduced for the interface of the metal and mold. Through
this imaginary element, contact resistance and air gap at the interface are implemented. in FEM
formulation, the convective heat transfer equation is considered to be governing the interface.
Heat transfer coefficient of the interface is measured experimentally for casting of Al-12%Si in
a cylindrical cast iron mold. Results of the simulation were satisfactory and in good agreement

with experimental data.

INTRODUCTION

In a casting process, cast and mold do not have
a complete contact due to surface tension, surface
oxidation and mold roughness, and a contact resistance
exists at the interface. Reduction of surface roughness,
oxidation prevention and increasing metallostatic pres-
sure will decrease this resistance.

As the cooling process begins, a solid skin de-
velops. Due to contraction of the solid cast and
expansion of the heated mold, an air gap will be
formed at the interface. As a result of this gap, the
mechanism of heat transfer at the interface becomes
pure convection.

To predict the conduction of a casting process
accurately, it is necessary to consider the effect of air
gap and contact resistance in the simulation. Samonds
et al. [1] and Tadayon et al. [2] have used a thin
element model and coincident nodes techniques based
on FEM to analyze the interface problem. However,
in the thin element model, size of the air gap and its
variation during the process of solidification must be
known. Also, due to the large aspect ratio of the thin
element, error will increase drastically. Moreover, in
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coincident nodes techniques, element properties are not
satisfied and, consequently, physics of the problem will
be changed.

An advanced solidification software must be ca-
pable of considering metallurgical microstructure, pre-
dicting porosity, contraction of melt, rate of solidifica-
tion front and so on. Contact resistance and air gap are
the fundamental factors in solidification rate and their
effects on castings are substantial. A 10-second delay
in the formation of air gap causes ten percent decrease
in solidification time and a 50 percent increase in air
gap thickness will result in a ten percent increase in
solidification time {3]. This means that considering
contact resistance and air gap is very essential in
predicting solidification process correctly.

HEAT TRANSFER ANALYSIS AT
METAL-MOLD INTERFACE

Heat transfer at metal-mold interface is very much
dependent on the type of surface contact and the media
in between. Surface contact of the metal-mold interface
may be treated in one of the following ways (Figure 1):

1. Without contact resistance; ideal case.
2. With contact resistance.

3. Contact with a thin layer of gas as the media (air,
moisture, gases due to burning of organic materials,
the combination of them); air gap.
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Figure 2. Schematic diagram and flow regimes of the

vertical convection layer.
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illustrate that a high percentage of heat transfer occurs
via gas conduction and radiation, therefore, convection
can be ignored in this process. It is alsp possible
to define the temperature profile of the metal-mold
interface using Knudsen number (K'n). The small value
of the mean free path (A) compared with the size of air
gap (d), confirms that the temperature profile at the
interface of casting can always be assumed linear and
continuous [5].

Kn:é

i (4)
However, Fourier’s law of heat transfer can be used
at the interface. To calculate the overall heat transfer
coefficient at the interface, it can be assumed that the
media of the interface is a layer of gas (d). Now, the
equivalent heat transfer coefficient is defined as:

k
h= E y (5)
and:
_ d
Ty ©

To predict the position of metal-melt interface and
the rate of solidification, a fixed value of A can be
considered; however, it is clear that this assumption
is not accurate enough and the value of h varies
with time and metallurgical parameters. Figure 3
represents variations of h with time for a typical casting
process [6]. It is observed that heat transfer coefficient
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Figure 3. Schematic diagram of the h with time.
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suddenly increases as the process of pouring the melt
begins. As melt motion decreases, the heat transfer
coeficient also decreases and gradually reaches a fixed
value and remains constant until a solid skin is formed.
After this stage, depending on the geometry of the
mold and cast three possibilities may occur as shown
in Figure 3.

1. Decrease in heat transfer coefficient due to forma-
tion of air gap.

2. Increase in heat transfer coefficient due to expansion
of the core and contraction of the cast.

3. Heat transfer coefficient remains constant; this
happens usually at the bottom of the metal-mold
interface.

GOVERNING EQUATION

The heat transfer equation may be written as:

b0 = (kv T). )

To implement this equation, the following assumptions
are made:

1. Temperature of the cast and mold are assumed to be
uniform and equal to the pouring temperature and
environment or preheat temperature, respectively.

2. Convection and melt movement, due to temperature
variation during solidification, are ignored.

3. Melt shrinkage, due to temperature reduction in the
process of solidification, is ignored.

4. Physical properties of the cast and mold are as-
sumed always to be constant in the process of
solidification.

5. Heat transfer in the mold, melt and solid skin take
places only by means of conduction.

6. Latent heat of solidification is assumed to be uni-
form and constant.

7. Resistance at interface between solidification front
and melt is ignored.

8. In the overall heat transfer coefficient calculation at
the interface, the effect of conduction due to contact
points, gas gap and radiation are considered.

Considering physical domain of  with boundaries
of I'; and ', the boundary condition may be written
as (Figure 4):

T(r,t) = T(r,t) at T; Dirichlet B.C.,

and:
KgyTha+q+h(T—T,)=0at I'y Neuman B.C.
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Figure 4. Physical domain and its boundary.
The initial condition for the problem is assumed to be:

T(r,0) =T, in the mold,

T(r,0) = Tpour in the cast.

FEM MODELING

Due to the symmetrical properties of the cylindrical
geometry, the 3-D heat transfer equation reduces to a
2-D equation where through implementation, the FEM
formulation may be written as [7-9]:

[CHT} + [KI{T} = {F}. (8)

Stiffness matrix K, capacitance matrix C and force
vector F' are defined, respectively, as:

Ki]- :/ VNj(KVNj)dQ‘F/ thideFQ,
Q r2

9)
Ci; = / pCpN;N;dQ, (10)
Q
F = _/ (q - hyTa) NydT, (11)
I'a

where T is the nodal temperature vector. It is impor-
tant to note that the heat transfer at the central line of
the cylinder has been neglected and convection takes
place between the cylinder and the surrcunding. In
this work, the overall heat transfer coefficient has been
measured experimentally, which includes the effect of
conduction, convection, radiation and contact points.

To solve the transient part of Equation 7, the
FDM technique is used, using the so-called ®-method
via the time stepping algorithms:

[C + @KAT]{C}H_l = [C - (1 bl @)KAT]{C}'L
+ [(l - @)F, + @FH_l]AT. (12)

This method includes forward, central and backward
difference schemes with values of ©® = 0, 0.5 and 1,
respectively [9].
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MODELING OF ZERO THICKNESS

ELEMENT AT INTERFACE

In the casting simulation problem,
of the mold-cast interface plays an
the accuracy of the results. Ignorin

correct modeling
mportant role in
o the interface in

metallic mold results in an error between 50-100% in
the solidification time. Most of the| researchers have
not considered air gap or contact resistance in their

simulation and assumed the neighb
cast and mold to be in full contact.

oring elements of

In this simulation, a Zero Thickness Element
(ZTE) is introduced for implementation of the contact

resistance and air gap {10]. Figure
a model at an interface; nodes 3,

5 represents such
4, 5 and 6 are

ZTE nodes, connecting elements A and B at cast

and mold, respectively. Table 1

shows the node

numbers configuration of the ZTE with the neighboring

elements.

Heat is transferred at the interface between el-
ements A and B by convection with an equivalent

heat transfer coefficient, h, through

ZTE. The shape

function for ZTE considering local ¢oordinate system

of £ and 1 may be written as:
NZTE =

(]' - 6)’

(1+9¢).

BO| = DD e

N2ZTE -
The stiffness matrix for this element

Kg = / BN, N;dTs,
I3

(13)
is defined as:

(14)

where I'3 represents the metal-mold boundary and b is
the overall heat transfer at the interface. The overall

Table 1. Node numbers configuration
the neighboring elements.

of the ZTE with

Elements Number of Nodes
A 3 4 2 1
ZTE 5 6 4 3
B 7 8 6 5
2 4 6 8
A B
1 3 5 7

Figure 5. Zero thickness element at in

terface.
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ADC Cast

Figure 6. Experimental set-up.

heat transfer coefficient may be defined experimentally
or calculated mathematically. Finally, Equation 13
may be written as:

1

K= [ AN;NJinde, (15)
-1

where n is the unit normal to the surface of the

integration and should be selected properly based on

the physics of the problem.

EXPERIMENTAL SET-UP

To measure the overall heat transfer coefficient, h, an
experiment was designed (Figure 6) in which the mold
was a gray iron cylinder with isolated top and bottom.
In this experiment, seven (Ni, Ni-Cr) thermocouples,
an eight-channel 12 bit A/D converter and a 486-DX
computer have been used. Data were stored every
300 milliseconds for 15 minutes (Complete solidification
occurs after 70 sec).

The overall heat transfer coefficient at the in-
terface, measured experimentally, versus time is rep-
resented in Figure 7. It is clear that after solid
skin formation, heat transfer coefficient decreases
sharply.

RESULTS AND CONCLUSION

Temperature distribution in terms of time and position
as well as the color counters are the output of the
computer simulation code.

Figures 8a and 8b represents cast and mold tem-
perature distribution after pouring. Figures 8c and 8d
demonstrate temperature distribution after complete
solidification with and without air gap and contact
resistance consideration, respectively.

It is seen that without consideration of the in-
terface effect, an error of 50% in solidification time is
observed.

The effect of contact resistance and air gap on
temperature variation with time at a fixed point can
be seen in Figures 9a to 9d.

Figure 9a represents the temperature variation
time, while considering the interface effect at the
geometrical center (half of cylinder height on the line
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of symmetry) in the process of solidification. Fig-
ure 9b illustrates the temperature versus time with and
without the interface effect consideration. Figure 9c
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Figure 7. Overall heat transfer coefficient versus time at
metal-mold interface.
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Figure 8. Temperature distribution in time and position.
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shows the experimental results and numerical findings
of temperature versus time considering the interface
effect. It is clear that the simulation results are in very
good agreement with the experimental findings.

Experimental and numerical results with and
without the interface effects are represented in Figure
9d.

It is obvious that the interface effect consideration
has resulted in a solidification time and temperature
distribution close to the experimental findings. It
is also important to note that consideration of the
interface effect reduces the solidification time by 50%
(close to the experimental results) and modifies the
temperature distribution in the system drastically.
Ignoring contact resistance and air gap particularly in
the metallic mold can result in predictions that are far
from reality. It is possible to calculate and implement
the variation of the air gap using the model represented
in this paper (ZTE) during the solidification process via
viscoelasto-plastic modeling [11].

NOMENCLATURE

B temperature coefficient of thermal
conductivity

At time stepping scheme

) weighting factor

A mean free path

i dynamic viscosity

v kinematic viscosity

A interface area

cp specific heat at constant pressure

[C] capacitance matrix

d equivalent thickness of air gap

{F} thermal load vector

Gr Grashof number

h overall heat transfer coefficient

hy heat transfer coefficient for boundary

k thermal conductivity

kg gas thermal conductivity

(K] conductivity matrix

Nu Nusselt number

Pr Prandtl number

q heat flux through the interface

t time

{T} column matrix of all nodal temperature

T, ambient temperature

T, cast surface temperature

T mold surface temperature
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