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Global competition, constant demands for cost reduction,
pressure to shorten product development time combined with
the increased complexity of products are among the many
challenges that die casting companies face today. Anyone
who has worked on the difficult pressure die casting projects
knows the complexity of the system that forms the cast-

ing. The parameters and the interactions are complicated

and difficult to predict without the aid of computing power
from faster processors. This project encompasses many

topics, including material factors, temperatures, vector flows,
pressure, fill time, tool temperature in multiple locations,
geometry challenges and solidification speeds and flows.
Increasingly, we are asked to improve the physical properties
of the castings. We will produce light metal solutions that
are specified to supplant heavier stee] components must be
produced at lower cost levels. As the market becomes increas-
ingly globalized and “commoditized,” the need to improve
the speed to launch with enhanced properties, and the cor-
responding achievement of first-shot success, is critical. These
may be the only advantages local companies can build their
futures upon; the ability to respond quickly with the most
innovative solution, with the least risk to the OEM.

Recent developments in computer science, as well as de-
velopment of the efficient numerical algorithms, have helped
to establish Computational Fluid Dynamics (CFD) software
as a standard tool for die casting process development. Under
pressure to reduce the product development cycle and reduce
computational time, engincers tend to assume a “zero veloc-
ity field” during the alloy solidification stage of the die cast
process. Although this assumption holds true in thin-wall
castings, convective flow can substantially change the shape
and location of the solid- liquid interface as well as the loca-
tion of the thermal neutral axis in thick-wall castings. In this
article, numerical analyses of the alloy solidification with the
effect of natural convection are presented.

Introduction

Thermal analysis plays an important role in defect manage-
ment of the casting process. Management of the movement
of solid-liquid interface, identification of the area of solidi-
fication, as well as determination of position and shape of
thermal neutral axis, allow engineers to predict, manage
and eliminate the majority of heat-related defects in cast-
ings. Recent development in computer science, as well

as development of the efficient numerical algorithm, has
helped to establish computational fluid dynamics software
as a standard tool for die cast process development.
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In order to expedite the development process it is common to
assume a “zero velocity field” during solidification stage of the
die casting process. In many cases the problem can be reduced
to one-dimensional analysis with a known analytical solution.
"This assumption also allows for substantally reduced computa-
tional time of the numerical solution. For a thin-wall casting, the
one-dimensional analyses with a “zero velocity field” will obtain a
result with acceptable accuracy in a relatively short period of time.
On the other hand, thick-wall castings require special attention
due to longer solidification time and higher temperature gradient
between the metal at the middle of the wall and surfaces along
the steel cavity walls. This article examines how natural convection
can substantially influence location and shape of the solid-liquid
interface, rate of solidification and temperature distribution.

Description of the Problem

Free or natural convection can be defined as circulation of fluids
caused by buoyancy from density changes induced by heating
or cooling. There are significant differences between free and
forced convection. In natural convection, momentum not only
affects advection in the energy equation, but also, the density
gradient in a gravity field, since it is in the momentum equation.
It means that in the case of natural convection, the momentum
equation cannot be solved independently of the energy equation.
Several attempts were made to analytically and numerically
analyze solidification of the molten metal without consider-
ations for natural convection (Stefan problem). These types
of problems are usually solved using the enthalpy technique',
which allows incorporation of both sensible and latent heats
into the governing energy equation and eliminates the need to
be explicitly tracking the solid-liquid interface. As shown in this
case?, the solid-liquid interface remains parallel to the cold wall.
This article compares results of the classical Stefan problem
applied to a solidification process (assuming stationary metal
during solidification) and solution which will include natural
convection. A square-shaped cavity with two vertical walls
cooled to a temperature below temperature of solidification
was examined. Molten aluminum temperature was assumed
to be above temperature of solidification. Governing equa-
tions and boundary conditions are presented in the Appendix

Table 1 — Properties of pure aluminum.
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(available at www.diecastingengineer.org/issues/files/reikher.
pdf). Properties of pure aluminum are shown in Table 1.

Here, k is the heat transfer coefficient, p the dynamic
viscosity, C the specific heat, p the density, f§ the coeflicient
of thermal expansion, g the acceleration due to gravity, L
the characteristic length, 7/ the temperature of the molten
aluminum, and T, the temperature of the cavity wall.

Based on material properties the coefficient of diffusivity
o =X , kinematic viscosity ¢ =4 ¢

pC @

Prandtl number Pt Z% ,and Rayleigh number
fLAT. - T)
N o

can be calculated. Table 2 shows calculated parameters.

Table 2 —Calculated dimensionless variables.

a v
m’ ( m? Pr Ra
FERE
3.276e7 4.612¢7 0.014 7.58¢°

Based on a very small Pr number, we can state that maximum
gravity-driven velocity occurs close to the wall and diminishes
as it approaches boundary layer. The boundary layer can be
simply defined as a distance from the wall where most of the
temperature and velocity changes take place. The approximate

thermal boundary layer thickness can be defined as Equation 1°:

§ 2
a / v

%=\ @ ( gPATL' )

Fluid outside of the boundary layer will not be affected
by the convective flow due to insignificant viscous diftusion.
Velocity and temperature distribution in the cavity affected

T

by natural convection are shown in Figure 1.
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Figure 1 Velocity U, Temperature T and Boundary layer
distribution O, in molten metal (T < T ).

Numerical Analysis

Now, this article will look at solidification of a pure alu-
minum. Initially at t=0s, metal at the temperature above
melting occupies a rectangular cavity with left and right
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wall at a temperature significantly lower than the tempera-
ture of solidification. At time t>0, time-dependent solid-
liquid interface is formed. It divides metal in the cavity
into two domains. The software used in this study utilizes
the incompressible transient Navier-Stokes equations for
modeling flow in the molten metal region driven by natu-
ral convection. IFlow is assumed to be laminar.

The most important quantitics in heat transfer are repre-
sented by a Nusselt number. In order to ensure grid indepen-
E dence of the results, analyses

were run with several grid

densities. The result of

temperature distribution of

| R I the metal was obtained in

2 + the region next to the verti-

IEICF =41 ] cal wall. Certain code was

Ii -t used to calculate the average
il [ X Nusselt number. Results of

Figure 2 — Computational grid.  these analyses are shown in

Tuable 3 — Grid independence evaluation.

Grid Density | 20x20 [ 80x80 [ 100x100 | 120x120
Nu 0.61598 | 0.68677 | 0.73014 | 0.71752
Error(%) 11.5 6.3 1.8

Table 3. All analyses were conducted with Ra = 7.85¢’. 100 X
100 and 120 X 120 grid densities differ by less than 2%. Fur-
ther analyses were performed using 100 X 100 grid density.

Results

Numerical analyses were conducted for square dimensionless
cavity 1x1 with mesh density 100x100. Figure 3 shows the
basic pattern of temperature distribution with the effect of
natural convection at time t>0. Analyses were run to verity
temperature distribution in the cavity of the die cast die with
and without effects of natural convection. In both cases,
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solution was recorded every 0.05 second. The straight line
represents temperature distribution without consideration of
natural convection, and the curved line shows the effect that
natural convection has on temperature distribution. Results of
solid phase formation with
the effects of natural con-
vection are shown in Figure
4. Figure 5 shows the
pattern of formation of the
solid phase with the natural
convection effect included.

3 'The effect that natural con-
00 = — s vection has on temperature

00 02 04 M 0.6 0.8 1.0 A b 4 = ¥ .
. . : distribution inside the cavity
Figure 4 — Solid fraction con- . i :
/i) 1M during solidification can be
tours of metal solidification in
clearly seen.

zero velocity field.
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Figure 5 — Solid fraction contours of metal solidification
including effects of natural convection; a) solid fraction con-
tours, b) velocity distribution.

Next, solidification analyses were run with different aspect
ratios of the cavity. As shown in Figures 6-9, as wall thick-
ness decreases, the effect of natural convection on tempera-
ture distribution diminishes. Explanation for this effect
can come from the definition of the boundary layer. As it
was indicated above, gravity-driven flow in molten metal is
established only inside the boundary layer. Metal outside the
boundary layer is not dragged along. But since the analyses
were conducted in a closed cavity, gravity-driven downward
flow creates a returning upward stream. When the distance
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Figure 6 — a) Distance between walls 5X of boundary layer (solidi-
Jcation in zero velocity field); b) distance between walls 5X of
boundary layer (solidﬁcation with the effects of natural convection);
¢) distance between walls 3X of boundary layer (solidification in
zero velocity field); d) distance between walls 3X of boundary layer
(solidification with the effects of natural convection).
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Figure 7— a) Velocity distribution in cavity with cold walls at
90° to horizontal plane; b) velocity distribution in cavity with
cold walls at 60° to horizontal plane; ) velocity distribution in
cavity with cold walls at 30° to horizontal plane; d) velocity

distribution in cavity with cold walls at O° to horizontal plane.

between the walls is less than four times the boundary layer,
upward flow interferes with gravity-driven flow. As a direct
result, they cancel out each other.

Next, analyses were conducted to establish a relationship
between cavity wall inclination and convective flow patterns.
Figure 7a shows flow velocity distribution in cavity with
cold walls positioned at 90° to the horizontal plane. Figures
7b, 7¢ and 7d show velocity distribution in the cavity with
cold walls positioned at 60°, 30° and 0°, respectively, to the
horizontal plane. Natural convection flow velocity as well as
the Nusselt number changed substantially with the change
of the cavity wall inclination angle. The highest flow velocity
corresponds to the cavity walls at 90° to the horizontal plane.

Conclusion

‘The natural convection effect has to be accounted for in the
calculation of temperature distribution, solidification time
and estimation of the last-to-solidify area. If the casting
wall’s thickness and orientation in the cavity allows for
natural convective flow to exist, analyses of solidification
will yield an error in temperature distribution, time of
solidification and the last area of solidification, as well as
the locations of temperature related defects.
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