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Abstract
In this paper, the sand casting process was evaluated using ProCAST simulating software and practical experience
for manufacturing of the high chromium stainless steel outlet diaphragms used in iron ore ball mill. In the simu-
lation practice, the effects of feeding and gating designs on the liquid flow, heat transfer and solidification phenom-
enon were evaluated to minimize the liquid surface turbulence during filling of the mold cavity and the shrinkage
porosity formation during the liquid solidification in the mold. The effects of different gating ratios and number of
feeders were numerically studied using different indicators in the software such as linear velocity, niyama criteria,
fraction solid and shrinkage porosity. Further, the optimal design obtained by simulating process was empirically
examined. The simulation results showed that the 1:3:4 gating ratio is the proper gating system that it obtains an
unpressurized fluid flow without any surface turbulent of the liquid steel in the filling step. In addition, the
simulation of solidification phenomenon was indicated that four feeders are required to eliminate of the shrinkage
porosities. The empirical casting examination shown the optimal design by the simulation is proper for manufactur-
ing of the steel part without critical defects.

Nomenclature
Ac Chock (cm2)
m Weight of Steel Part (gr)
t Filling Time (s)
he Effective Height of Part (cm)
g 981 (cms2 )
H Height of Sprue (cm)
hc Height of Part (cm)
S Thickness of Part (cm)
G Weight of Steel Part (gr)
μ Casting Factor for Steel (0.3–0.4)
ρ Density (grm3 )
Ny Niyama

ffiffiffiffiffiffiffiffi
K:Sec

p
cm:

G Temperature Gradient ( kcm )
L Cooling Rate

1 Introduction

Casting is the exclusive process for manufacturing of the
complex steel parts. Contrary to the simple appearance,
designing of the process is extremely complex for the
production of high performance components. Many of
casting parameters have significantly effects on the ap-
pearance of different defects and variations of mechanical
properties. The chemical composition, size and shape of
cast parts, it’s molding and melting technologies are key
parameters for casting design. Nevertheless, all casting
process have concluded two main experiences or con-
cepts: filling and feeding [1, 2]. In the filling practice
(according to fluid dynamics of liquid metals), the gating
system composed of sprue, runner and gates, is designed
to guide the liquid metal for whole filling of mold cavity
with a proper velocity, lowest surface turbulent and in a
short period [3]. On the other hand, in the feeding practice
(according to the heat transfer and mold dynamics), the
feeder (or riser) is designed for compensation of the con-
traction of the liquid metal in mold cavity that takes place
on freezing and solidification in order to prevention of the
shrinkage defects. The feeding is the long and slow pro-
cess that takes minutes or hours depending on the size of
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the casting part. Therefore many of the casting defects
such as film oxides, non-metallic inclusion, gas porosities,
shrinkage porosities and hot tears can be related to
pouring and solidification conditions of the liquid metal
in the mold cavity [4].

Nowadays, with the development of computer science
technology, it is possible to solve and predict many prob-
lems in the casting processes. These improvements save
time and money, as well as provide the optimal design for
casting. Generally, foundries usually optimize casting pro-
cess depending on experiences. However, it is difficult to
know the metal flow and temperature distribution during
mold filling and solidification, which are undoubtedly im-
portant to obtaining high quality castings. For this reason,
to select a production method of a casting part had to test
in different methods and design for choosing an appropri-
ate production method. In fact, this continuous operation
is called trial and error, in practical condition; it will cause
loss of money, materials, time and energy. But, by using
simulation techniques for optimization casting conditions,
it is possible for a specific casting part the simulations run
to be performed at the least amount of time, cost, and
energy to select the optimal design [5–7].

A number of casting simulation programs is available
today, such as MAGMA, NovaCAST, ProCAST,
SUTCAST and SolidCAST. The simulation ProCAST soft-
ware by solving equations based on finite element method
(FEM), will be able to solve complex geometries and allows
the user to simulate heat transfer [8], fluid flow [9], stress
conditions [10], microstructure [11] and shrinkage porosity
[12, 13]. There have been researches in this field, Wang et
al. [14], use the niyama criteria for Shrinkage porosity and
optimized design of a large forging steel ingot, Li et al. [15],
prediction of micro porosity defect in sand cast magnesium
alloy by using ProCAST result. Sabau [16], evaluation the
shrinkage porosities of step block in investment casting
A356 alloy. Panchal et al. [17], studied on design of gating
system for casting of ball valves with numerical simulation
and could increase the casting yield by 8%.

In this study, a casting process is carried out followed by
through ProCAST simulation in combination with the experi-
mental of outlet diaphragms used in iron ore ball mill. Themain
objectives of the present work are: a) to effect of position and
number of feeder and evaluation of these designs in numerical
simulation and experimental condition. b). to compare
ProCAST results such as solid phase fraction percentage,
shrinkage porosity and niyama criterion to experimental results
c) to analyze whether effect on melt flow behavior in different
gating system ratios were simulated by ProCAST software, d)
to evaluate the new concept in gating design developed by Prof.
John Campbell (unpressurized gating system for controlling of
surface turbulence of the liquid metal) [1, 2].

2 Experimental

2.1 Materials and characterization

Figure 1 shows a used outlet diaphragm and inner image
from outlet diaphragms network in iron ore ball mill (dur-
ing productivity maintenance (PM) at Golgohar Mining
and Industrial Company in Iran). The low carbon-high
chromium steel (called FMU 27) was used for production
of the outlet diaphragms. Table 1 presents the chemical
composition of FMU 27.

The steelmaking was performed in 1000 kg high frequency
induction furnace accordance. Molding and casting was per-
formed using the silica sand and silicate sodium as binder
(called CO2 sand). The pouring of the liquid steel was per-
formed at 1620 °C in 7 s.

(b)(a) used outlet diaphragm in position X and W

Fig. 1 Image of a used outlet
diaphragm and b) inner image
from outlet diaphragms in ball
mill during PM

Table 1 Chemical composition of the steel (wt.%)

C Si Mn P S Cr Mo

0.22 0.70 0.62 0.02 0.02 11.00 0.20
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2.2 Feeder design

In this study, the number and position of feeders in the casting
process were selected for simulation of solidification and
predication of shrinkage cavities. Figure 2 shows the scheme
of outlet diaphragms of iron ore ball mill according to the
number and position of feeder (designs of W1 and W2). The
first part designed with two feeders (W1) (preliminary design)
and the second part designed with four feeders (W2). The
dimensions and sizes of feeders were constant and equal in
both parts. Weight of each part (with feeders) in order for W1

was 164 kg and W2 was 201 kg.

2.3 Gating system design

In the another part of this research, the effect of different
gating systems ratios on the fluid dynamics of molten metal
and the condition of filling the mold were investigated. Figure
3 shows the X part was designed in defferent gating system
ratios. For this purpose, four different gating systems ratios
were used. The bottom gating system was selected for all of
designs. In the each design, the certain proportion between the
cross sections of the components of a gating system (called
SRG ration) was used for the gating design. The smallest
cross-section in a gating system is called a Chock that deter-
mines the filling time. Table 2, shows the SRG ratios were
used in this research. For designing of gating system,

relationships (1), (2) and (3) were used to calculate the dimen-
sions of the system [4].

Ac ¼ m
ρ:t:μ

ffiffiffiffiffiffiffiffiffiffi
2ghe

p ð1Þ

he ¼ H−
hc
2

ð2Þ

t ¼ S
ffiffiffiffi
G

p
ð3Þ

2.4 Numerical simulation

The mold filling and solidification processes have been sim-
ulated using the ProCAST 2016 software. The Details of the
numerical model are shown in Table 3. Input mesh data, step
number and time step provided for W1 and W2 models. Step
number Specifies the number of time steps to take in the cur-
rent run and ProCAST will terminate the run when it reaches
this limit. Time step consists of 3 steps, the initial time step
size, the maximum time step size (which will be used during
the filling stage only) and the maximum time step size. In this
research, their value was determined by the software default
0.001, 0.1 and 1, respectively.

The main inputs including the part design, feeders, and
gating system, thermo-physical properties of material such
as; density, specific heat, and thermal conductivity, de-
scription of boundary conditions and import of process
parameters such as pouring rate, time and temperature.
Figure 4 shows the geometry and boundary conditions

W1 W2

Fig. 2 Schematic illustration of
the outlet casting parts

Fig. 3 Schematic illustration of X part was design for gating system

Table 2 The Indicators characteristics of gating system in different ratio

Gating System Ratio:
(SRG Ratio)*

Gate
Numbers

Cross Section of
Sprue (cm2)

Flow Type in
Gating System

1: 0.9: 0.7 2 16 Pressurized

1: 2: 1.5 2 16 Unpressurized
-pressurized

1: 3: 4 4 16 unpressurized

5: 3: 1 2 80 pressurized

* S: Sprue; R: Runner and G: Gate
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of the model were used in this study. The finite element
mesh of the mold (30 mm) and part (10 mm) and feeders
and gating systems (15 mm) were selected. The mesh was
selected based on several mesh refinements. The casting
parameters were the same as those in the simulation. As it
can be seen, sleeves were assigned over the molten metal
surface at the hot top. Other information and simulation
related parameters are shown in Table 4.

In ProCAST user manual, to analyze the porosity in a
casting, several options are available: Temperature field
with the cut-off option, fraction of solid field with the cut-
off option, shrinkage porosity field, niyama criteria, hot spot
and Specific RGL criteria. The RGL function is able to
calculate the solidification rate (R), the temperature gradient
(G) and the cooling rate (L). In ProCAST, there are ways to
combine the R, G and L variables together so as to obtain a
combined criterion function (called Mapping factor) as fol-
lows. The values of the coefficients a = 1, b = 0, c = 1 and
d = −0.5 were considered [14, 19]:

M ¼ aRbGcLd ð4Þ

G ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∂T
∂x

� �2

þ ∂T
∂y

� �2

þ ∂T
∂z

� �2
s

ð5Þ

L ¼ Tupper−Tlower

tupper−tlower

����
���� ð6Þ

For calculation of the niyama criterion, suggested values
are [18]:

LUpper Temp ¼ Tliquidus þ 2 ð7Þ

LLower Temp ¼ Tsolidus ð8Þ

R;G Temp ¼ Tsolidus þ 0:1� Tliquidus−Tsolidus
� � ð9Þ

Table 3 the detail of numerical models

part No. of
Nodes

No. of Solid
(Tetrahedral
elements)

No. of
Material

Step No.
(50000)

W1 200,541 991,311 26 6460

W2 339,047 1,718,099 28 7800

Fig. 4 The geometry and boundary conditions

Table 4 Information about the parameters used in the simulation

Row Index Amount

1 Pouring Temperature (°C) 1620

2 Mold Temperature (°C) 25

3 End Simulation Temperature (°C) 1410

4 Liquidus Temperature (°C) 1490

5 Solidus Temperature (°C) 1420

6 Mass Flow Rate (kg/s) 25

7 [18] Heat transfer coefficient between
molten metal and mold (W/m2K)

500

8 [18] Heat transfer coefficient between
molten metal and sleeve (W/m2K)

50

9 [18] Heat transfer coefficient between
molten metal and cores (W/m2K)

500

10 [18] Heat transfer coefficient between
mold and cores (W/m2K)

200

11 [18] Film Coefficient (W/m2K) 10

12 [18] Emissivity 0.5
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3 Result and discussion

3.1 Solidification evaluation

Figure 5 shows the filling and solidification sequences of
the W1 part with the melt flow rate of 25 kg/s. The pictures
demonstrate the filling and solidification process. In the
thermal simulation, solidification starts from the edges and
sharp corners and moves towards the center of the part, and
finally the solidification ends in the feeding. Use of insula-
tion around the feeders and the addition of exothermic ma-
terials at the top of the feeder were considered for the for-
mation of directed solidification. The simulation time for
W1 5666 s. and W2 6197 s. were obtained.

One of the parameters for evaluating the porosity loca-
tion is the percentage of solid phase fraction. The fraction of
solid and liquid metal in the mushy zone is a function of
time and temperature [20]. In Fig. 6, this criterion represents
the percentage of solid phase formation with decreasing
temperature. As shown in this figure, the area shown with
the black arrow is related to the presence of feeders, and the
areas shown with the blue strip in the W1 are related to the
formation of hot areas. As seen, hot areas are formed in
areas that are far from the feeders and then the feeding op-
eration in those areas is not well done. It is anticipated, leads
to a delay in solidification and creating shrinkage porosity at
these points [21]. In W1 part it is expected that these prob-
lems will be overcome by adding feeders.

Fig. 5 Distribution of simulated solid fraction during the filling and solidification of the W1 part with section cut and time simulation (sec)

W2W1

Fig. 6 The results of solid
fraction calculations and
prediction of hot forming place in
same time simulation (100 s)
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Figure 7 shows the results of the shrinkage porosity,
niyama and temperature gradient criterions for models. In
shrinkage porosity criterion pictures, the probable areas with
their probability of formation are shown. As shown in the
figure, the formation areas of porosity with probability 3%
are specified. The results of the porosity criterion are equal
to the results of the solid phase fraction percentage and

indicates that the probable hot areas are prone sources for
forming shrinkage porosity [1]. The niyama criterion
according to Eq. (10) is defined as the local thermal gradient
divided by the square root of the local cooling rate [14, 22]:

Ny ¼ Gffiffiffi
L

p < Constant Temperature ð10Þ

W1 W2 Character 

[%] 

(a)

√

(b)

(c)

Fig. 7 Results of a shrinkage
porosity, b niyama and c
temperature gradient index forW1

and W2 models
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The niyama criterion is measured near the end of solidifi-
cation, when shrinkage porosities form. The choice of niyama
evaluation temperature can significantly influence the

resulting niyama values. When the constant temperature is
low, the heat transfer or gradient temperature is decreases
and so probability of formation the shrinkage porosity is in-
creases. The constant temperature is dependent on the material
and size of the castings.

Figure 8 shows the shrinkage porosity in parts in the prac-
tical conditions for W1 part. As shown in the simulation re-
sults, in areas where feeders are far away or feeding are not
well performed, the shrinkage porosities defects are formed at
the surface and below the surface. Therefore, it is expected
that these defects will be eliminated by increasing the number
of feeders in these regions, which is shown in simulation re-
sults that this defect is not observed in W2 part and the prob-
ability of formation of shrinkage porosities defects decreases
from 40% to less than 2%.

3.2 Gating system evaluation

In the present case, we compare the metal flow simulation
results of the parts at different gating systems. One of the
requirements for good operation of a gating system is that,
the cross section of the sprue, runner and gates should have
an appropriate ratio among themselves [2]. This ratio is called
gating system ratio and it is expressed as AS: AR: AG. AS is
cross section of sprue, AR is cross section of runner and AG is
summed cross sections of the gates [23, 24].

Fig. 8 Shrinkage porosity in W1 part in practical conditions

Fig. 9 The images obtained from ProCAST software and the analysis of the speed and molten flow into the mold for different ratios of the gate systems
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The gating systems ratios are divided into two categories:
pressure and unpressurized system. If the total level of the
cross sections of the gates is less than the cross section of
the sprue, the system called pressure system (such as 1: 3: 4
ratio) and if the opposite of the above mode is present, the
system called unpressurized. So the cross sections of the gates
are high in unpressurized systems [9].

In Fig. 9, shown the results obtained from ProCAST soft-
ware consist of analyses of the melt speed flow into the mold
in Yvector for all ratios. As shown in the images, as the cross
sections of the gates are increases, the speeds of the melt are
decreases. Also, with increases in cross sections of the gates,
the filling state of the molten metal is stable when compared to
the other gating systems [25]. Figure 10 shows the disturbance
of melt flow with white vector in the mold. The higher density
of the vectors shown the more pressure of the molten metal to

the walls, which can lead to corrosion, abrasion. With this
parameter, melt motion can be optimized in different parts
area. In the unpressurized system 1: 3: 4, the molten metal is
entering into the mold by four channels, which reduces the
vector density in this section, but it is not seen in other sys-
tems, especially in pressure systems.

In Table 5, the other results obtained from the simulation
of different gating system ratios are shown. The filling time
is slightly longer for the casting with the unpressurized ratio
gating system. It means that the filling velocity is slower
than that of the pressure ratio. The faster filling velocity of
the molten metal will increase the gas involvement and
nonstationarity and result in porosity defects and surface
enters the oxide [2, 24]. Also, in the pressure gating system,
there is always a pressure behind the melt, but in unpressur-
ized gating system, the pressure of the melt is taken over at

1 : 0.9: 0.7 1: 2: 1.5 

1: 3: 4 5: 3: 1 

Fig. 10 Disturbance of melt flow with white vector in the mold for all ratios after 40% filled

Table 5 The results obtained
from the simulation of different
gating system ratios

Gating
System Ratio

Time
to Solidus (sec)

Filling
Time (sec)

Melt Pressure
in Gate (bar)

Melt speed
in Gate (ms )

1: 0.9: 0.7 5320 6.6 1.1 2

1: 2: 1.5 5230 6.9 1 0.9

1: 3: 4 5266 7 0.9 0.6

5: 3: 1 5477 5.4 1.1 1.5
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the sprue section. In this case, the gas will not be easily
involved in the molten metal, so the porosity defects can
be avoided. However, it has been reported that at speeds
above 1 (m/s), surface corrosion is observed in the molten
metal, which causes the surface enters the oxide to the mol-
ten metal.

4 Conclusion

The different gating and feeding designs were evaluated for
casting of the high chromium stainless steel outlet diaphragms
using ProCASTsimulating software. Then, the optimal design
was empirically examined. It can be concluded that:

1. ProCAST simulating software is useful for predication of
surface turbulence and shrinkage porosities at different
gating and feeding designs.

2. The simulation results showed that the unpressurized fluid
flow by 1:3:4 gating ratio is the proper gating system that
obtains mold filling without any surface turbulent.

3. The simulation of solidification steps was indicated that
four feeders are required to eliminate of the shrinkage
porosities.

4. The empirically studies indicates that the selected gating
and feeding designs has good agreement by the simula-
tion results.
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