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Abstract

The effects of sprue base size and design on flow pattern during aluminum gravity casting have been investigated by

employing different sprue base sizes and using computational fluid dynamics. Calculations were carried out using

SUTCAST simulation software based on solving Navier–Stokes equation and tracing the free surface using SOLA-

volume of fluid algorithm. Flow pattern was analyzed with focus on streamlines and velocity distribution in sprue

base, runner and ingate. Increasing well size produced a vortex flow at the bottom of sprue base, which increased

the surface velocity of liquid metal in runner. Using a rather big sprue well could eliminate vena contracta but ingate

velocity was observed to be independent of well size. It is assumed that ingate velocity may be more influenced by other

casting considerations. Using a curved sprue base could remove vortex flow at the bottom of sprue while keeping a

nearly full contact between liquid metal and runner wall.
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Introduction

A most important aspect of production of clean and
sound castings is the method by which the molten
metal is introduce into the mold cavity. One of the
duties of the running and gating system is to ensure
that the flow of metal should be as free as possible
from turbulence but at a rate sufficient to avoid
undue delay in filling the mold.1 Surface turbulence
promotes entrainment oxide films inside the cavity.
Oxide films play a major role in the control of mechan-
ical properties that are affected by gating systemdesign.
Liquid aluminum contacts the surrounding atmos-
phere containing oxygen and has a tendency to form
an insoluble oxide film on the surface. Oxide cracks are
formed as a result of surface turbulence or bubble trail
damage and cause uncertainties in the static strength of
castings. The application of process control has been
suggested to avoid such uncertainties and to ensure that
such defects are not introduced in the first place.2

There is a critical velocity at liquidmetal front that is
high enough to push the metal surface but if its inertia
pressure is smaller or equal to surface tension, then any
perturbation could be avoided in this condition. For

example, the critical ingate velocity for liquid alumi-
num was determined to be 0.5m s�1 by Campbell and
Runyoro3 and higher ingate velocities cause surface
turbulence and generate severe rates of oxides entrain-
ment. In an emphatic research, Kura and Grube4 have
investigated water flow through the transparent mold
using a high frame per second camera. Maximum vel-
ocity of 0.457m s�1 at the exit end of the gate has been
captured and later while pouring liquid aluminumwith
7%Mg at the same running system, no surface defects
was observed in final product. Campbell and Green5

has found that high-reliability aluminum alloy (Al-
7Si-Mg) castings were obtained by bottom gating a
sand mold at an initial gate velocity less than or equal
to 0.5m s�1. The analysis also showed that the bottom
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gating at a velocity greater than the critical ingate vel-
ocity is equally as likely to produce bad castings as a top
gating. It has also been pointed out that a poor running
system design promoted the formation of large
amounts of entrained folded oxide film defects, which
reach low mechanical properties as low as ceramic
material with weibull moduli in the range of 11–22.
But modifying the running system reduced oxides
defects with Weibull moduli in the range 38–54,
which is close to those of aerospace forgings.6

Campbell7 has mentioned that if liquid aluminum
drops a fairly short distance of 12.5mm, the velocity
has already reached its critical ingate velocity of 0.5m
s�1, which could entrap insoluble films and generate
bifilm defects.

Due to the importance ofmold filling simulation and
with aim of achieving a perfect sight of casting, exten-
sive research efforts have been made to study the effect
of gating design on the flow pattern ofmelt entering the
mold.8,9 In one of these studies, the effect of cross-sec-
tional shapes of runner on the mechanical strength of
Al-7Si-Mg alloy has investigated by Dai et al.10 Their
numerical and experimental results showed that the
runner with circular cross-section is much more effect-
ive in keeping ingate velocity under critical velocity
than one that has rectangular and triangular cross-sec-
tion, thereby avoiding the generation of surface turbu-
lence and the consequential entertainment oxide films.

It has been observed that if the cross-section of the
runner after the filter is two times larger than that of
the runner before the filter, the liquid metal could be
in a permanent contact with the mold walls and
slightly pressurized by it. In this condition, ceramic
filter can play a major role in the reduction of velocity
and the surface turbulence of the liquid metal in nat-
urally pressurized systems.11

A diffusing runner system was proposed byHsu and
Lin12 to reduce the velocity of liquid metal under crit-
ical velocity (0.5m s�1 for Aluminum), while the flow
rate remained almost unchanged. In order to investi-
gate gate size effects on flow pattern, three gate dimen-
sion of 9� 1, 4.5� 2 and 6� 1.5 (mm2) were employed
in a non-pressurized system for evaluating melt flow in
a horizontal plate using direct observation method. It
was found that increasing the thickness of the gate in a
constant area will increase the pressure head at the gate
exit, which could increase melt velocity.13

Besides all gating system portions, the design of a
sprue base as a liquid plumbing system into the
runner has received much attention from researchers
over the years. When the metal has completed its
controlled flow down the sprue, it moves at rather
high velocities. Then, to introduce into the runner, it
has to change direction and flow at a right angle
relative to the sprue, causing splashing into the
runner system. Again, this exposes large amounts
of metal droplets to atmospheric conditions.
Webster and Met14 believed that by placing a small
well at the bottom of the sprue, the molten metal can

hit the bottom and lose excessive kinetic energy
before entering the remaining portions of the
gating system. Elliot1 mentioned that the formation
of vena contracta could be suppressed using a prop-
erly sized well that is able to reduce the surface
turbulence.

Schwam et al.15 have explained two melt flows gen-
erated as soon as the basin begins to fill. One is closer
to the runner and proceeds into the mold and the
other half begins to circulate in a ‘‘whirlpool’’ fashion.
They analyzed that with the filled basin metal starts to
forgo the basin and the flow acts as if no sprue well is
present at all.

As indicated by Campbell,2 after the well was filled,
the rotation of the liquid in the well was seen to act as
a kind of ball bearing, reducing the friction on the
stream at the turn. In this manner, the velocity in
the runner will increase. Moreover, contacting liquid
metal with the runner when no well was used had the
benefit of additional friction from the wall rather than
using a well that caused useful reduction in metal
speed.

The objective of this study is to investigate the
effects of sprue base on flow pattern of liquid during
mold filling using modeling based on computational
fluid dynamics (CFD), focusing on the relationship
among sprue base design, streamlines pattern and
runner and ingate velocity distribution. Three gating
systems were designed and the only difference between
them was the size of the sprue bases and one gating
system was designed with a curved sprue base.
Streamlines and velocity distributions in different
locations were analyzed precisely to evaluate the
effect of sprue base on reduction of velocity, surface
turbulence and formation of vena contracta.

Methods and procedures

Model selection

In order to evaluate different scales of sprue bases, a
unpressurized system with different wells beneath the
sprue was considered. The details of the dimensions of
the four shapes is shown in Figure 1, including no
well, standard sized well, over-sized well and no well
with a curved sprue base. The dimensions of all molds
and gating systems are identical except for sprue
bases. Models include a sprue, sprue base, runner,
gate and a rectangular casting part. This arrangement,
similar for different molds except for sprue bases,
allows for direct comparison of the behavior of
liquid metal flow and performance of the castings
acquired by using different sprue bases.

CFD model

In order to simulate the metal flow in gating systems
with different sprue base, CFD modeling was
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used.16–20 This study employed the code SUTCAST.
Non-iterative method of SOLA was employed to
solve Navier–Stokes equation (equation (1))
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where ~u ¼ u~iþ v~jþ w ~k is the velocity vector,
gx, gy and gz are the body acceleration components,

� and � represent density and viscosity, respectively
(Table 1), and P is the liquid metal pressure.

Fluid velocities and pressures (in two dimensions)
are located at cell positions, as shown in Figure 2;
u and v-velocities are considered at the middle of the
vertical and horizontal sides of the cell and pressure at
the cell center.

Figure 1. Different designs considered in this study to evaluate the behavior of mold filling with different sprue bases: (a) Model A

with no sprue well, (b) Model B with standard sprue well, (c) Model C with large sprue well and (d) Model D with curved sprue base.

Table 1. Aluminum A356 properties in pouring

temperature of 720�C, employed in numerical

simulation.

Density (kg m�3) Viscosity (kg m s�1)

2390 0.01
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The finite difference approximation of Navier–
Stokes equations is
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In the above equation, advective flux (FUX) and
viscosity term (VISX) in x-direction could be
described as follows
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where the superscript (n) stands for previous time
step, (nþ 1) for current time step and �t is the time
increment. In the above equation, �x, �y and �z are the
distance between the center of two adjacent cells in x-,
y- and z-directions. �x, �y and �z represent the dis-
tance between the faces of two adjacent cells in x-, y-
and z-directions.

Node number in x-, y- and z-directions are symbo-
lized by i, j and k, respectively. � is the control factor,
where in forward and central differencing has the
value of 0 and 1, respectively. Sign is equal to þ1 if
uiþ1

2
4 0 and �1 if uiþ1

2
5 0. A similar method is used

for the calculation of advective and viscous flux terms
in y- and z-directions.

Conservation of mass (continuity equation) for an
incompressible fluid could be written as below

r � ð�~uÞ ¼ 0 ð4Þ

The finite difference approximation for the
continuity equation is
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For satisfaction of the continuity equation, the
value of Dnþ1

i, j, k in all cells should be almost zero. The
velocities computed according to equation (2) will
not, in general, satisfy the continuity equation (equa-
tion (5)). To avoid deviation from the mass conserva-
tion, the pressure adjustment must be done iteratively
(equation (6)). The parameter of �P is defined and
added to the pressure given in the previous iteration
to modify the value of pressure in each cell. Thus, the
velocity values in each direction would be modified
and then mass conservation must be checked again
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The symbol (m) in the above equations is the
number of iterations. After calculation of new veloci-
ties, satisfaction of mass conservation (equation (5))
must be investigated again and therefore Dnþ1

i, j, k should
be calculated for the whole domain. This iteration
process is continued until Dnþ1

i, j, k reach a near zero
value (10�5 in SUTCAST).

In the filling simulation, the volume of fluid (VOF)
method was implemented to track the moving free
surface of molten aluminum in the gating system
(equation (7)). After solving Navier–Stokes equation
and determining the velocity vectors in the whole
computational domain, the following equation
should be solved

@F

@t
þ r: u!F

� �
¼ 0 ð7Þ

In VOF technique, a function F(x,y,z,t) is defined,
which is fractional control element occupied by fluid.
This function has a range from zero to unity, the cell
having F values between 0 and 1 (0<F< 1) represents
surface cells, F¼ 0 indicates that the cell contains no
fluid (empty spaces) and F¼ 1 corresponds to a cell
full of fluid.
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Internal boundary condition of no-slip was used to
evaluate the effect of mold friction on filling behavior.
All the above-mentioned equations were solved on the
grids containing cubic mesh. At the curved and
tapered boundary conditions, cubic mesh could not
fit the geometry completely and the generated
meshes appear like steps. This step-like mesh gener-
ation in boundary conditions could act as an obstacle
against fluid flow and change the direction of melt and
cause a back pressure that could have undesirable
effects on mold filling. For the purpose of minimizing
mesh dependency effects of cubic mesh generation on
flow behavior, a mesh refinement was carried out
intentionally in the region of sprue base to achieve a
nearly smooth boundary condition. The summary of
the initial and boundary conditions are shown
in Table 2.

Results and discussion

Effect of sprue well on filling pattern

In order to evaluate the effects of the geometry of
different sprue wells on the filling pattern during
mold filling, streamlines at the first time step when
liquid metal goes out of the well and enters to the
runner were analyzed. Figure 3 shows the streamlines
for all sprue wells, which represent the resultant of the
velocity in x- and z-directions. Tracing these stream-
lines in all models, it was observed that in Model A
with no sprue well, a small vortex flow was generated
at the bottom of the sprue base and this vortex flow

was increased with increasing well size while in Model
D with a curved sprue base, no vortex flow was
observed. The rotation of liquid metals at these
points could act as a ball bearing and this pushes
the metal into the runner with higher speed.
Contours in Figure 3 show the velocity distribution
in x-direction, which reaches its maximum value right
after the well. Maximum velocity behind the melt
front increased when the sprue base increased, that
is from 2.9m s�1 in Model D, with curved base, to
4.65m s �1 in Model C, the largest one (Figure 4).

Effect of sprue well on the vena contracta
formation

The vena contracta is a widely observed phenomenon
in flowing liquids. It occurs wherever a rapid flow is
caused to turn through a sharp change of direction.
The base of the down runner is probably an even
more important example if, as is usually the case,
speeds are much higher here. The loss of contact of

Figure 2. Presentation of velocity and pressure quantities in a computational cell.

Table 2. Initial and boundary conditions.

Model

Pressure

inlet (Pa)

Filling

time (s)

Total number

of cavity meshes

A 1172 2.6 111,006

B 1172 2.62 115,776

C 1172 2.64 123,228

D 1172 2.36 109,503

Baghani et al. 5

 at UNIVERSITY OF SASKATCHEWAN LIBRARY on June 8, 2014pil.sagepub.comDownloaded from 

http://pil.sagepub.com/


Figure 3. Contours of velocity in the x-direction and streamlines in: (a) no sprue well, (b) standard sprue well, (c) large sprue well

and (d) curved sprue base.

Figure 4. Velocity distribution from top to bottom of the runner.
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the stream from the top of the runner immediately
after the turn has been shown to be the source of
much air entrainment in the metal. This is expected
to be particularly severe for sand molds, where the
permeability will allow a good supply of air to the
region of reduced pressure.2 In order to investigate
the contact between liquid metal and runner walls,
an attempt was made to predict velocity distribution

in the runner right after sprue bases. Figure 4 shows
the variation of velocity in the x-direction versus dis-
tance from the bottom to the top of the runner after
sprue base. In Model A where no well was used and in
Model B with a standard well, the velocity increases
gradually with increasing distance from the top to the
bottom of the runner. It is concluded that the contact
of liquid metal at the bottom of the runner is much

Figure 5. Filled fraction of element with liquid metal.

Table 4. The comparison of filled fraction of element in different designs (Models A, B and D) with Model C in different runner

positions.

Model Top Difference (%) Middle Difference (%) Bottom Difference (%)

A 0 100 1 0 1 0

B 0 100 1 0 1 0

C 0.99 – 1 – 1 –

D 0.18 81.81 1 0 1 0

Table 3. The comparison of x-direction velocity (m s �1) in different designs (Models A, B and D) with Model C in different runner

positions.

Model Top Difference (%) Middle Difference (%) Bottom Difference (%)

A 0 100 2.75 31.93 3.1 �105.3

B 0 100 3.97 1.73 3.27 �116.55

C 0.67 – 4.04 – 1.51 –

D 0.3 55.22 2.5 38.11 1.14 24.5

Baghani et al. 7

 at UNIVERSITY OF SASKATCHEWAN LIBRARY on June 8, 2014pil.sagepub.comDownloaded from 

http://pil.sagepub.com/


stronger than that at the top and it will increase the
probability of formation of low-pressure zones. From
another point of view, the behavior of velocity
changes with changing the well size. In contrast to
Model A, the velocity reaches its maximum value in
more heights in Model C, which has the biggest well.
In Model D with a curved sprue base similar to Model
C, the velocity in the runner direction reaches its max-
imum value at the middle of the runner and it
depicted that these two types of sprue base could
establish a good contact with the runner wall and
avoid vena contracta formation. However, it was
observed that the average and gradient of velocity in
Model C is higher than that of in Model D. It could
also lead the casting to higher qualities.

In Table 3, velocity in the x-direction after sprue
well in different positions is compared for all models.
The velocity at the top of the runner in Model C, with
an over-sized well, is much greater than other models,
especially Models A and B. It is demonstrated that the
probability of formation of low-pressure zone in
gating systems where no well were used (Model A)

would increase dramatically. But velocity concentra-
tion at the bottom of the runner in Models A and B is
noticeably higher than in Model C. The negative dif-
ference of velocity at the bottom of the runner
(�105.3%) confirms that liquid metal in the case
where no well was used has complete contact with
the bottom of the runner while formation of vena
contracta at the top of the runner is inevitable.

The fraction of element that is filled with the liquid
at the runner entrance is shown for different sprue
base designs in Figure 5, where filled fraction equaling
1 means that the element is fully occupied with liquid
and 0 means an empty element. In Models A and B it
was found that at the top of the runner there are some
empty spaces that contain no or small amount of
liquid. Moving from top to bottom of the runner,
the fraction of liquid in elements was increased and
reached the value of 1. For Model D with a curved
sprue base, the fraction of liquid at the first 2mm of
the top of the runner is less than 1. But for Model C
with the over-sized well, it shows the value of 1 for the
filled fraction at the top of the runner. This shows that

Figure 6. Contours of velocity in z-direction and streamlines in: (a) no sprue well, (b) standard sprue well, (c) large sprue well and

(d) curved sprue base.
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although both Models C and D made good contact
with the runner wall, the most perfect contact with the
runner wall was observed in Model C with an over-
sized well.

In Table 4 the comparison of filled fraction of
element with liquid metal in different positions of
runner is presented for different models of sprue
bases. It is easy to understand that with increasing
distance from the top of the runner to the bottom,
the volume fraction of elements that are occupied
with liquid increases for Model A where there is no
well and Model B where a standard sprue well was
used. The maximum filled fraction of element at the
top of the runner for Model D, using curved sprue
base, is 0.18 and this increase to 1 when we moved
down only by 2mm from the top of the runner. This
shows that after Model C, which filled the runner and
made good contact with the runner wall, Model D
could also be a good alternative for removing vena
contracta.

Effect of sprue base on ingate velocity

The sizing of the gates should be provided with suffi-
cient area to reduce the velocity of the melt below the

critical value of 0.5m s�1 to keep avoiding the forma-
tion of surface turbulence and hence entrainment of
oxide films. In order to evaluate how a sprue well
could affect ingate velocity, the distribution of the vel-
ocity in the z-direction the first time when liquid metal
fills the gate and enters the cavity was analyzed
(Figure 6). The velocity distribution in all cases is
nearly similar. Although it was supposed that the
melt could fill the ingate completely, it was observed
that only the right portion of the ingate is filled.

Maximum velocity (0.7m s�1) was seen at the
right corner of the ingate end, which exceeded the
critical velocity. Vortex flow was observed in the left
side of the ingate. The rotation of liquid here pushes
the molten metal back into the runner and prevents
the melt from entering into the mold cavity.
Negative velocities in this region are because of
downward motion of liquid metal. As some parts
of the ingate are occupied by vortex flow, the effect-
ive ingate area reduces, causes the velocity to
increase and finally exceed the critical velocity.
Figure 6 proves that filling pattern in the ingate is
the same for all the Models (A–D) and does not
depend on to the sprue base design. Therefore,
exceeding critical velocity in the ingate and surface

Figure 7. Velocity distribution in z-direction from left side of ingate to the right side at the middle of ingate.

Baghani et al. 9

 at UNIVERSITY OF SASKATCHEWAN LIBRARY on June 8, 2014pil.sagepub.comDownloaded from 

http://pil.sagepub.com/


turbulence generation is not associated with the
sprue base design.

Velocity in z-direction at the middle of ingate is
depicted in Figure 7. Here negative values on the
left side of the ingate imply that no molten metal
is eligible to pass through this region to the mold
cavity. A steep increase in velocity was observed
while moving towards the right side of the ingate
but it became constant after 20mm distance from
the left side. The maximum velocity in z-direction
was about 0.7m s�1, which exceeded the critical
value. About 60% of gate area remained at this
higher velocity while the rest experienced a lower
one. It is clear that here the effective area is obvi-
ously smaller than that expected and this lead to
exceeds critical ingate velocity and splashing of
melt into the mold cavity. It could be concluded
that in this case, with this specific geometry,
although the velocity in the runner is affected by
well size, the ingate velocity is more influence by
other casting considerations such as ingate geom-
etry and location.

Conclusion

Effects of employing different sprue bases (no well,
standard, large wells and curved sprue base) have
been investigated by CFD in this study. The following
are the conclusions:

1. It was found that locating the sprue well in
gating systems, especially larger ones,
increases the possibility of formation of vortex
flow in sprue base, which leads to an increase in
surface turbulence and therefore entrainment
defects.

2. Maximum velocity behind the melt front increased
when the sprue size increased, that is from 2.9m
s�1 in Model D, with curved base, to 4.65m s�1 in
Model C, the largest one.

3. Rather large wells (Model C) could eliminate vena
contracta while keeping a full contact between the
runner wall and liquid metal.

4. Curved sprue base (Model D) produced no vortex
flow at the bottom of the sprue with a nearly full
contact between the runner wall and liquid metal
(only 2mm from the top of the runner is empty in
this model). Liquid metal has experienced the
lowest velocity (2.9m s�1) at the runner in this
design.

5. Ingate velocity was observed to be nearly the same
for all sprue base systems. By moving from the left
to the right of the ingate, the z velocity in all
models has a range from a negative value to
0.7m s�1. It was demonstrated that ingate velocity

depends on other casting considerations such as
distance between sprue and gates, gating system
geometry and ratio.
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