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bstract

The importance of smooth mold filling in the lost foam casting (LFC) process has been recognized for a long time. The more uniform the filling
rocess, the better the quality of the casting products that are produced. Successful computer simulations can help to reduce the number of trials
nd cut down the lead time in the design of new casting products by better understanding the complex mechanisms and interplay of different
rocess parameters in the mold filling process. In this study, a computational fluid dynamics (CFD) model has been developed to simulate the
uid flow of molten aluminum and the heat transfer involved at the interfacial gap between the metal and the expanded polystyrene (EPS) foam
attern. The commercial code FLOW-3D was used because it can track the front of the molten metal by a Volume of Fluid (VOF) method and
llow complicated parts to be modeled by the Fractional Area/Volume Ratios (FAVOR) method. The code was modified to include the effects of
arying interfacial heat transfer coefficient (VHTC) based on gaseous gap pressure that is related to foam degradation and coating permeability.
he modification was validated against experimental studies and the comparison showed better agreement than the basic constant heat transfer

CHTC) model in FLOW-3D. Metal front temperature was predicted within experimental uncertainty by the VHTC model. Mold filling patterns

nd filling time difference of 1–4 s, were more precisely captured by the VHTC model than the CHTC model for several geometries. This
tudy has provided additional insight into the effect of important process and design variables in what has traditionally been a very empirical
eld.
2006 Elsevier B.V. All rights reserved.
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. Introduction

In the last two decades the lost foam casting (LFC) process
as been widely adopted to manufacture complex parts without
he need for cores. This is particularly true in the aluminum cast-
ng industry because automotive manufacturers currently pro-
uce a wide range of engine blocks and cylinder heads with LFC
echnology. The basic procedures, application and advantages
an be found in [1]. The LFC process has mainly been developed

ased on the empirical knowledge of experienced practition-
rs. Numerical modeling of expanded polystyrene (EPS) foam
ecomposition is only recently reaching a point where it can
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rovide useful insight in helping optimize design and process
ariables.

In the LFC process, an expanded polystyrene foam pattern of
he desired shape is placed in a sand mold with appropriate gating
ystems. The foam pattern undergoes collapse, melting, vapor-
zation, and degradation when the molten metal front advances
nto the pattern. A kinetic zone, which is the gap between the
dvancing metal front and the receding foam pattern, has been
roposed by Warner et al. [2] to model the LFC process. During
he mold filling process, the degradation products escape from
he kinetic zone through the coating layer into the sand. Com-
lex reactions between the molten metal and foam pattern make
he simulation of the LFC process extremely difficult.

The simulation of traditional sand casting with an empty mold
as been studied extensively since the SOLution Algorithm-

olume of Fluid (SOLA-VOF) method was first formulated by
irt and Nichols [3]. Due to the fact that the lost foam casting
rocess shares many characteristics with the traditional sand
asting, the theory and techniques applied to model this new
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rocess mostly originated from simulation methods developed
or traditional sand casting. By assuming that the pattern decom-
osition rate is a linear function of metallostatic head and metal
ront temperature, Wang et al. [4] simulated the lost foam cast-
ng process in complex 3D geometries based on the existing
omputer program of conventional sand casting. Liu et al. [5]
ncluded back pressure in the kinetic zone with a simple 1D

athematical model to predict metal front velocity. Mirbagheri
t al. [6] developed a foam degradation model with a pressure
orrection scheme for the free surface at the metal front based on
he SOLA-VOF technique. A similar backpressure force scheme
as adopted by Kuo et al. [7] in the momentum equation and

he value of this force was adjusted to study the filling sequence
f patterns according to experimental results.

Most of these simulations successfully predict a much slower
lling speed for LFC process than that of traditional sand cast-

ng process. But the role of foam degradation is mostly not a
art of the models and experimental data or empirical functions
re needed to perform simulations. The present study modifies
he basic LFC model in commercial code FLOW-3D, which
ses a constant heat transfer coefficient (CHTC), to include the
ffects of varying heat transfer coefficient (VHTC) based on
aseous gap pressure which is related to foam degradation and
oating permeability. The modification was validated against
xperimental studies for several process variables.

Additionally, defect formation that is the most important issue
ith lost foam casting, is not modeled in the numerical work

ited from literature. Pyrolysis defects such as folds, internal
ores and surface blisters account for a large amount of scrap in
FC operations. The defect prediction capability of FLOW-3D

s very important to understand and optimize the process.

. Mathematical and numerical model

.1. Governing equations

The fluid flow of molten metal during mold filling is char-
cterized by a transient condition with a moving surface. The
athematical model includes the continuity, momentum and

nergy equations in the molten metal, moving metal front and
orous wall boundary conditions. The governing equations can
e described as follows.

(a) Mass continuity equation:

∂

∂x
(uAx) + R

∂

∂y
(vAy) + ∂

∂z
(wAz) + ξ

uAx

x
= 0 (1)

here the velocity components (u, v, w) are in the coordinate
irections (x, y, z) or (r, θ, z); Ax is the fractional area open
o flow in the x direction, Ay and Az are similar area fractions
or flow in the y and z directions, respectively. The coefficient

depends on the choice of coordinate system as described in
LOW-3D user’s manual [8]. When cylindrical coordinates are

sed, y derivatives are converted to azimuthal derivatives,

∂

∂y
→ 1

r

∂

∂θ
(2)

u
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n FLOW-3D code, this transformation is accomplished by using
he equivalent form

1

r

∂

∂θ
= rm

r

∂

∂θ
(3)

here y = rm, θ and rm is a fixed reference radius. When Carte-
ian coordinates are used, R is set to unity and ξ is set to zero.

(b) Momentum equations:

∂u

∂t
+ 1

Vf

{
uAx

∂u

∂x
+ vAyR

∂u

∂y
+ wAz

∂u

∂z

}
− ξ

Ayv
2

xVf

= − 1

ρ

∂P

∂x
+ Gx + Fx (4)

∂v

∂t
+ 1

Vf

{
uAx

∂v

∂x
+ vAyR

∂v

∂y
+ wAz

∂v

∂z

}
+ ξ

Ayuv

xVf

= − 1

ρ
R

∂P

∂y
+ Gy + Fy (5)

∂w

∂t
+ 1

Vf

{
uAx

∂w

∂x
+ vAyR

∂w

∂y
+ wAz

∂w

∂z

}

= − 1

ρ

∂P

∂z
+ Gz + Fz (6)

here (Gx, Gy, Gz) are body acceleration (forces per unit mass),
Fx, Fy, Fz) are viscous forces per unit mass, Vf is the fractional
olume open to flow, and ρ is the density of molten metal.

(c) Fluid energy equation:

f
∂

∂t
(ρI) + ∂

∂x
(ρIuAx) + R

∂

∂y
(ρIvAy)

+ ∂

∂z
(ρIwAz) + ξ

ρIuAx

x
= TDIF (7)

here I is the macroscopic mixture internal energy; TDIF is the
eat diffusion term

DIF = ∂

∂x

(
kAx

∂T

∂x

)
+ ∂

∂y

(
kAy

∂T

∂y

)

+ ∂

∂z

(
kAz

∂T

∂z

)
+ ξ

kAxT

x
(8)

here k is the thermal conductivity of the fluid.

.2. Computational features of FLOW-3D

SOLA-VOF has been widely used in simulation of all types of
asting problems, and it has been shown to be more effective in
olving transient moving surface problems [9]. FLOW-3D also
ses this methodology to solve the governing equations of the
FC process with adjustable time steps to improve efficiency,
ccuracy and stability. The numerical solutions of the governing
quations are approximated by finite difference methods. The
omentum Eqs. (4)–(6) are discretized as follows.
n+1
i,j,k = un

i,j,k + δtn+1

[
−pn+1

i+1,j,k − pn+1
i,j,k

(ρδx)ni+(1/2),j,k

]

+ Gx − FUX − FUY − FUZ + VISX − WSX (9)
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n+1
i,j,k = vn

i,j,k + δtn+1

[
−pn+1

i,j+1,k − pn+1
i,j,k

(ρδy)ni,j+(1/2),k

]
Ri+(1/2)

+ Gy − FVX − FVY − FVZ + VISY − WSY (10)

n+1
i,j,k = wn

i,j,k + δtn+1

[
−pn+1

i,j,k+1 − pn+1
i,j,k

(ρδz)ni,j,k+(1/2)

]

+ Gz − FWX − FWY − FWZ + VISZ − WSZ (11)

here n stands for different time levels, and i, j and k are space
ells. FUX is the advective flux of u in the x direction, VISX is
he x-component viscous acceleration, WSX is the viscous wall
cceleration in the x direction, and GX is gravitational force.
he y and z components have similar meanings. All these forces
xcept the advective flux are discretized by centered difference.
i+(1/2) is used to convert between the Cartesian and cylindri-
al coordinates, which equals one for Cartesian coordinate and
quals 2xmax/(xi + xi+1) for cylindrical coordinate. The modified
onor-cell method is used to weigh the upstream quantity more
han downstream to obtain higher order of accuracy and save
omputational time.

UX= 0.5

VFC
[(UAR−α|UAR|)DUDR+(UAL+α|UAL|)DUDL]

(12)

where

UDL = ui,j,k − ui−1,j,k

δxi

(13)

UDR = ui+1,j,k − ui,j,k

δxi+1
(14)

AR = 0.5(ui+1,j,kAFRi+1,j,k + ui,j,kAFRi,j,k) (15)

AL = 0.5(ui,j,kAFRi,j,k + ui−1,j,kAFRi−1,j,k) (16)

nd

FC = (δxiVFi,j,k + δxi+1VFi+1,j,k)

(δxi + δxi+1)
(17)

here AFR is fractional area Ax for flow in x direction at cell
ace, and VF is fractional volume for flow at the center of cell (i,
, k). The basic idea of Eq. (12) is to weigh the upstream quantity
y a factor of (1 + α) and down stream by (1 − α) resulting in
igher order of accuracy for the discretization scheme [8].

In the SOLA-VOF method, there are seven basic steps for the
olution algorithm as follows.
Step 1: Assign initial pressure field.
Step 2: Compute velocity field from momentum equation by
Eq. (9)–(10).
Step 3: Solve Poisson equation resulted from the continuity
equation to calculate pressure change for molten metal flow
field, and find velocity based on metal front model for foam-
metal interface.

m

w
a
q

V
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Step 4: Correct pressure and velocity due to change in pressure.
Step 5: Repeat Step 3 and 4 until continuity is satisfied.
Step 6: Update remaining variables using new velocities.
Step 7: Move to next time cycle until desired time interval is
reached.

Apart from the basic implementation of the SOLA-VOF
lgorithm, an advantageous Fractional Area/Volume Ratios
FAVOR) method was selected as the basis of FLOW-3D. With
his method, complex flow regions can be simulated with struc-
ured, smoothly varying, fast to generate, and strictly orthogonal
rids with comparable accuracy of body-fitted coordinate (BFC)
ethods. However, constructing good quality BFC grids is very

ifficult and time-consuming to establish workable grids. The
AVOR method combined with SOLA-VOF algorithm allows
he use of coarser grids and improves the accuracy of the numer-
cal solutions for complex geometries and fluid surface tracking.

.3. Basic model of metal front velocity with gravity effect

Flow of molten metal in the LFC casting process is different
rom traditional sand casting because of the boundary conditions
t the metal front. The free surface condition usually used in
raditional sand casting needs to be modified in simulating the
FC process because of the existence of foam patterns in front of
olten metal instead of air or a void in traditional sand casting.
he boundary conditions at the wall also need to incorporate the
ffect of coating materials outside of the foam pattern.

The metal front velocity is a function of the heat absorbed by
he foam, which depends not only on the properties of EPS foam
nd molten metal, but also on process variables such as temper-
ture of the metal, pressure head, pattern coating materials, and
rientation of gravity. To find the metal front velocity, let qs be
he heat transfer rate from metal front to the kinetic zone [10].
hen from Newton’s Law of Cooling, we have

s = h(Ts − Tz)Ac (18)

here h is the heat transfer coefficient at the metal front, Ts
s the metal front surface temperature, Tz is the kinetic zone
emperature, and Ac is the cross-section area of metal front. The
nergy required by the foam pattern to get liquefied, vaporized
nd depolymerized can be expressed as

f = ṁcp(Ts − Tz) + ṁQliq + ṁQvap + ṁQdepoly (19)

here qf is the surface heat flux to foam pattern, cp is the EPS
oam specific heat, Qliq is the latent heat of fusion of foam, Qvap is
he heat of vaporization, Qdepoly is the heat of depolymerization,
nd the mass flow rate is

˙ = ρAcVadv (20)

here ρ is the EPS foam density, and Vadv is the metal front
dvancing velocity. An energy balance can be applied between

s and qf to find the metal front advancing velocity,

adv = h(Ts − Tz)

ρ(cp(Ts − Tz) + Qliq + Qvap + Qdepoly)
(21)
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2.5. Model of defect tracking

The LFC model in FLOW-3D also provides a scheme to pre-
dict defects, which may originate from meeting of two fluid

Table 1
Coefficient of temperature for different metal temperature

Metal temperature (◦C) cT
36 X.J. Liu et al. / Journal of Materials P

The treatment of the moving boundary conditions at the metal
ront is the most critical part of all the models of the LFC process.
LOW-3D uses a velocity approach, which is based on a heat

ransfer coefficient model as shown in Eq. (21). The model can
lso incorporate the effect of gravity orientation; a recent X-
ay based study has confirmed that an upward moving front
rogresses more slowly than a downward moving front [11].

The gravity effect is taken into account by a correction fac-
or, which is a function of gravity component normal to the

etal/foam front. Because the foam decomposition products are
ighter than the molten metal, the foam products can be displaced
y the metal moving along the gravity direction and accumulate
bove the metal front that is moving against gravity direction.
n FLOW-3D a correction factor used as a multiplier on the heat
ransfer coefficient is defined as

g = 1.0 + sign(ght)cg

(
Vg

Vg + Vht

)
(22)

here ght is the gravity component normal to metal/foam front,
g is a problem dependent factor, which can be tuned to improve
greement with data, and Vht is the nominal velocity of the metal
ront, which is

ht = h

ρcp
(23)

g is the characteristic speed of gravity waves, which is defined
s

g =
√

|ght|rs (24)

here rs is the characteristic length scale of the surface irregu-
arities at the metal/foam interface. A value of 0.1 cm for rs is
ecommended in FLOW-3D user’s manual [8].

.4. Model with varying heat transfer coefficient

.4.1. Effect of gas pressure
The pressure of gas produced by the foam plays an impor-

ant role in the LFC process because it affects the metal filling
ehavior. Mirbagheri et al. [6] used empirical pressure equation
o correct the free surface pressure originated from the applica-
ion of the VOF method [3]. By forcing the tangential stress at the

etal front to vanish and normal stress to balance the externally
xerted normal stress, Kuo et al. [7] applied back pressure force
n the momentum equation and used several trials to determine a
roper back-pressure for the model to get agreement results with
xperimental data. In the current modeling study with FLOW-
D, a correction factor caused by the gas pressure at the metal
ront is introduced, as follows

p = ck + (1 − ck)

(
ph

ph + pgtc

)
(25)

here ck is the pressure coefficient, ph is the average pressure

ead for the pouring of metal in the sprue, pg is the gas pressure
n the kinetic zone, and tc is the ratio of coating thickness to the
haracteristic length scale of the surface irregularities rs at the
etal/foam interface.

1
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The gas pressure in the kinetic zone is a value measured
rom experiments. It is dependent on many process variables,
uch as metal front velocity, foam density, metal temperature,
oating permeability and thickness [12]. Under a typical metal
ront velocity of 1.5 cm/s, foam density of 24 kg/m3 and coating
hickness of 0.7 mm for aluminum LFC process, the gas pressure
n the kinetic zone is reported to be 10–30 kPa [13].

.4.2. Effect of metal temperature
Wang et al. [4] used a foam decomposition model in which

he metal front velocity is a linear function of metal tempera-
ure. But from Yao’s [14] experiment, the highest metal front
elocity is observed at metal temperature of 490 ◦C. Metal tem-
eratures less or higher than 490 ◦C lead to longer mold filling
imes. The non-linear dependency of metal front velocity on the

etal temperature is probably related to the foam degradation
haracteristics. From Yao’s analysis of foam degradation char-
cteristics, the peak volatilization temperature for EPS foam is
bout 400–420 ◦C. If the metal temperature is less than the EPS
eak volatilization temperature, the degradation products are
ssentially viscous residues, which may result in higher resis-
ance to the flow molten metal and lower metal front velocity.
t the EPS peak volatilization temperature, the gaseous degra-
ation products consist essentially of the monomer. If the metal
emperature is higher than the EPS foam peak volatilization tem-
erature, the monomer molecules undergo extensive fragmen-
ation and the volume of the gases produced increases resulting
n higher pressure in the kinetic zone. The metal front velocity
s also affected by the properties of the coating such as perme-
bility and thickness. Depending on how effective the gaseous
roduct can be eliminated through the coating layer of the foam
attern, the metal front velocity is reduced at different levels.
he temperature effect is not modeled in the basic CHTC model
f FLOW-3D. A correction factor was introduced to take into
ccount the different metal pouring temperatures in the VHTC
odel of the current work.

T = cT

(
Tp

Tp + abs(Tm − Tp)

)
(26)

here Tp is the peak volatilization temperature set at 490 ◦C in
his model, Tm is the metal pouring temperature, and cT is a
emperature coefficient. Values of cT used for the simulation are
isted in Table 1.
190 0.7
490 1.4
715 1.2
115 1.0
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Table 2
Thermophysical properties of aluminum alloy 319 [17]

Property Value

Liquid metal density (kg/m3) 2500
Solid metal density (kg/m3) 2700
Thermal conductivity of liquid metal (W/m K) 79
Thermal conductivity of solid metal (W/m K) 145
Specific heat of liquid metal (J/kg K) 1145
Specific heat of solid metal (J/kg K) 963
Solidus temperature (◦C) 450
Liquidus temperature (◦C) 596
Viscosity (Pa s) 0.0016
Thermal expansion coefficient (1/K) 3.0E−5
C
C
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ronts and by surface turbulence at the metal front [15]. The
robability of defects is represented by a scalar variable that
s initially zero in the flow region. The scalar quantity is incre-

ented by an amount proportional to the mass of degraded foam
n the control volume and it is allowed to accumulate at the metal
ront and to be trapped in metal if the two fronts meet. As the
etal continues to fill the mold, the scalar variable can advect

nd diffuse into the casting. A second scalar quantity is intro-
uced to account for the wicking of defect material into the
oating and sand. This scalar can only gain defect material from
he original defect scalar. Once the defect material is stuck to the
alls, it does not move with the flowing metal and the quantity

s taken out of the original scalar defect quantity. The wicking
calar is proportional to the product of the original defect scalar
nd the coating wall area located in that cell. A constant of pro-
ortionality coefficient, which is a rate per unit time and unit
rea is introduced and it is determined from experiment [16]. In
he output of the simulation, the distribution of the scalar shows
he probability of the defect formation locations.

. Results and discussions

The proposed VHTC model was first validated against three
xperimental studies from the literature with geometries shown
n Fig. 1. Parameters that were compared with experiments were

etal front temperature and mold filling times. Then the VHTC
odel was used to predict the effect of gating system on defect

ormation of castings. Aluminum alloy 319 (Si = 6%, Cu = 3.5%)
as used for all the problems. The thermophysical properties of

luminum 319 are listed in Table 2 [17].

.1. Grid independence study

A cylindrical geometry is chosen to verify the VHTC model.
he EPS foam pattern is 8.8 cm in diameter and 25.4 cm long.

hese dimensions were chosen because they match the size of
atterns used in experimental studies [10,13] by the authors. The
omputational domain is shown in Fig. 1(a), where h = 25.4 cm
nd r0 = 4.4 cm. At r = 0, a symmetric boundary condition was

u
v
a
s

Fig. 1. Computational domains: (a) cylinder; (b) plate
ritical solidification fraction above which metal has no fluidity 0.51
oefficient of solidification drag (1/s) 0.1

pplied. A pressure boundary condition was used at the inlet,
nd no-slip boundary conditions were applied at the right and
ottom walls. In order to determine the proper grid size for this
tudy, a grid independence test was conducted for the cylin-
rical foam geometry. Four different grid densities 5r × 30z,
0r × 60z, 15r × 90z and 20r × 120z were used for the grid inde-
endence study. The integrated value of mass flow rate from the
op gate, which reveals the accumulated effect of discretiza-
ion error, is used as a monitoring measure of the accuracy of
he solution. Fig. 2 shows the dependence of mass flow rate
n the grid size of longitudinal direction. A similar trend is
btained on the grid in the radial direction. Comparison of the
redicted value of mass flow rate among four different cases
uggests that the grid distributions of 15r × 90z and 20r × 120z

ive nearly identical results. The relative change in mass flow
ate is less than 0.5% between the grid densities of 15r × 90z

nd 20r × 120z.
Since the FAVOR method is used in the geometry formation in

he code, even the coarse grid 5r × 30z results in a comparatively
mall difference of 1.5% from the finer grids. The benefit of

sing the FAVOR method to represent a complex geometry is
ery significant since accurate results can be obtained even with
coarse grid. This leads to great savings in computational time in
imulations for complex geometries. Similar grid independence

with three ingates; and (c) plate with side ingate.
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Fig. 2. The mass flow rate at the entrance of ingate as a function as the compu-
tational grid size.

F
p
f

s
b
p
t

F

F

3

m
t
increases as the metal front advances. Typical measured values
of heat transfer coefficient for a metal front velocity of 1.5 cm/s
with coating thickness of 0.07 cm for two different foam densi-
ties are shown in Fig. 3. In the VHTC model with gas pressure
ig. 3. Measured heat transfer coefficient between the metal front and foam
attern for a metal front velocity of 1.5 cm/s with coating thickness of 0.07 cm
or two different foam densities.

tudies were performed for the other geometries. Considering

oth accuracy and computational time, all the calculations were
erformed with grids that produce less than 1% difference from
he finer grids.

ig. 4. Relation between correction factor of gas pressure and coating thickness.
F
f

ig. 5. Experimental validation of basic CHTC model and VHTC model.

.2. Experimental validation

The simulation solutions are further validated with experi-
ental data from [10], conducted by the present authors. From

he experiment, it is found that the heat transfer coefficient
ig. 6. Mold filling time as a function of (a) coating thickness; and (b) metal
ront velocity.
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ffect, the constant heat transfer coefficient in the basic model
s modified by a correction factor, which is dependent on gas
ressure and coating properties. The empirical correction factor
o gas pressure and coating thickness is shown in Fig. 4. It can be
een that as coating thickness increases, the pressure correction
actor decreases.

As shown in Fig. 5, the VHTC model with varying heat trans-
er coefficient dependent on the metal front pressure and orienta-
ion of gravity predicts the metal surface temperature better than
he basic CHTC model with only gravity effect. Considering the
xperimental uncertainty shown in Fig. 5, good agreement is
btained between the VHTC model and experiment.

For the cylindrical geometry, a parametric study was per-
ormed for coating thickness and metal front velocity. Fig. 6(a)
hows the mold fill time of the cylinder as a function of coating
hickness. As the coating thickness increases, the heat transfer
oefficient between the metal front and foam pattern decreases

nd the fill time increases. As the metal front velocity increases,
he fill time decreases as shown in Fig. 6(b).

To further illustrate the improved model with pressure
ffect, a numerical simulation is performed for a simple plate

p
t
w
t

ig. 7. Comparison of mold filling times for a plate pattern with three ingates: (a) me
n basic CHTC model with gravity effect; and (c) predicted filing times based on th
old filling time at the right-and wall of the mold for the plate pattern with three ing
sing Technology 182 (2007) 333–342 339

28 cm × 15 cm × 1.3 cm) with two side ingates and a top
ngate. The computational domain is shown in Fig. 1(b) with
= 28 cm and W = 15 cm. The inlet height H is 12 cm. EPS

oam of nominal density 20 kg/m3 is used. No-slip boundary
onditions are applied at the mold walls, and pressure boundary
ondition is applied at the inlet. The numerical model is
ompared with the experimental data of Shivkumar and Galois
18]. The experimental results of the metal front arrival times
t different locations in the plate with hollow sprue and ingates
re shown in Fig. 7(a). Computer simulation results from the
asic CHTC model with gravity effect are shown in Fig. 7(b),
nd results from the VHTC model incorporating metal front
ressure and coating effect are shown in Fig. 7(c). It is apparent
hat the CHTC model with only gravity effect is not sufficient
o predict the times of metal filling locations. The metal front
ends to move faster through the bottom-side gate than through
he upper side gate and the top gate. The last place to fill in the

late is about 2 cm above the plate mid-height in the experiment
hat is almost the same as that predicted by the VHTC model,
hereas the basic CHTC model with only gravity effect predicts

hat the last place to fill is at mid-height of the plate. Fig. 7(d)

asured values by thermometric technique [18]; (b) predicted filling times based
e VHTC model with heat transfer coefficient changing with gas pressure; (d)

ates.
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hows the mold filling time at the right side wall of the mold
ndicating better agreement with the VHTC model.

.3. Effect of metal temperature

A plate pattern from Yao [14] was used to validate the VHTC
emperature model. The plate pattern 20 cm × 15 cm × 1.3 cm
as placed horizontally with a side ingate of 1.3 cm × 1.8 cm in

ross section. The computational domain is shown in Fig. 1(c)
ith L = 20 cm and W = 15 cm. An effective metallostatic head
f 28 cm was applied at the inlet boundary, and no-slip boundary
ondition is used at the mold walls. The effect of metal temper-
ture on the mold filling behavior was studied by using several
ifferent molten liquids. The initial temperatures indicated are
epresentative values for wax, Sn, Al, and Cu, 225 ◦C, 525 ◦C,
50 ◦C, and 1150 ◦C, respectively. In the cited experimental
tudy the molten liquid was rapidly poured into the mold with
reheated ladle. It was observed that inlet temperatures dropped

bout 35 ◦C from the initial temperature. For the four inlet tem-
eratures of 190 ◦C, 490 ◦C, 715 ◦C and 1115 ◦C, the times of
old filling are shown in Fig. 8 from experimental results. The

rrow represents the position of the ingate. The filling times
t
t

ig. 8. Experimental results [14] showing the temperature effect on the mold filling
c) 715 ◦C; and(d) 1115 ◦C.
sing Technology 182 (2007) 333–342

re 4.05, 2.1, 2.7 and 3.15 s for the four different temperatures,
espectively. The basic CHTC model cannot simulate the effect
f metal temperature on the metal filling velocity. The results
rom VHTC simulation are shown in Fig. 9 for the four cases.
t can be seen that the experimental filling sequence is captured
y the simulation. The maximum filling speed at 490 ◦C corre-
ponds to the peak volatilization of EPS foam. For temperatures
nder 490 ◦C, the degradation products consist mainly of vis-
ous residue, which increases the resistance to the molten liquid.
or temperatures above 490 ◦C, the volume of gases produced

ncreases and mold filling speed is decreased to a certain extent
ependent on the elimination of the foam products. Although
he basic CHTC model could not simulate temperature effects,
he VHTC model predict the mold filling time fairly close to
xperimental data as evidenced in Fig. 9(e), showing the mold
lling time at the right-hand surface of the mold.

.4. Defect prediction
For the plate with three ingates, the predicted locations where
wo surfaces met based on the defect scalar are different from the
wo models as shown in Fig. 10(a) and (b). Since the filling times

times. The arrow represents the position of the ingate: (a) 190 ◦C; (b) 490 ◦C;
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Fig. 9. Simulation results showing the temperature effect on the mold filling times. Color indicates time of filling (blue is earliest and red latest): (a) 190 ◦C; (b)
4 e of m
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90 ◦C; (c) 715 ◦C; and (d)1115 ◦C; (e) mold filling time at the right side surfac

re predicted more precisely by the VHTC model, it is concluded
hat more realistic defect formation is predicted by the VHTC

odel as shown in Fig. 10(b). One important observation is that
here are many internal defects formed due to the meeting of
wo metal fronts predicted by the VHTC model. Because of the
nclusion of gas pressure effect in the VHTC model, the defect
ear the bottom of the casting predicted in the basic model moves

pwards into the casting and form internal defects.

The use of three ingates causes several metal fronts to meet
uring the mold filling process that leads to internal inclusions of
oam products. To check if fewer gates can help reduce defects

c
t
t
i

old showing the temperature effect.

ormation, a two-gate model is tested and shown in Fig. 10(c).
he simulation results show that the defect at the right upper
ide of the casting is eliminated because of the removal of the
op ingate. It is encouraging to see that the VHTC model pro-
ide considerable amount of useful insight into the processes
esponsible for defect formation and final distribution in a cast
art. The defect model needs further experimental validation to

orrelate the predictions with actual defect formations; however,
he model can reveal useful insight into the process variables
hat are responsible for defect generation and final distribution
n castings.
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ig. 10. Defects formation predicted by (a) basic CHTC model with gravity ef
oating thickness; and (c) improved model for two ingates. Color represents pro

. Conclusions

Computational modeling can be used to simulate combined
ffects of fluid flow, heat transfer and foam decomposition
uring the filling of the LFC process. By using the FAVOR
ethod, a complex geometry can be modeled efficiently. An

mproved model incorporating a varying heat transfer coef-
cient, gas pressure, metal temperature, foam property and
oating effects was developed to augment the user-defined
ubroutine. The simulation results from the VHTC model
howed improved agreement with experimental observations
nd data reported in the literature. Metal front temperature
as predicted within experimental uncertainty by the improved
odel, whereas the prediction made by the basic CHTC model

ad a much larger difference. Mold filling patterns and fill-
ng time difference of 1–4 s were more precisely captured by
he improved model than the basic model for several geome-
ries. The code can also be used to predict flow condition of

olten metal, filling sequence, and defect formation for dif-
erent geometries and process variables. This study provides
dditional insight into the effect of important process and
esign variables in what has traditionally been a very empiri-
al field.
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