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A B S T R A C T   

This article provides a comprehensive investigation into the resin-bonded sand gravity casting process, with a 
focus on the filling, cooling, and solidification steps. The research combines numerical simulations and experi-
mental validation in a three-dimensional (3D) configuration, utilizing a realistic filling system. The study em-
ploys three approaches—experimental tests, Smoothed Particle Hydrodynamics (SPH) simulations, and ProCAST 
simulations—to analyze the filling, cooling, and solidification steps. Two different molds were used in the ex-
periments. The first mold has a transparent glass component in front of the plate, enabling observation and 
recording of the filling process, while the second mold, used solely for thermal analysis, did not incorporate any 
glass component. The SPH approach yields more accurate results for the filling time, liquid level height, and 
morphology when compared to ProCAST. The discrepancy in final filling time for the desired casting part be-
tween the experiment and SPH is 5.13 %, and the difference between the experiment and ProCAST is 15.38 %. 
Additionally, the cooling and solidification steps are investigated through an analysis of cooling curves. The 
numerical methods demonstrate slightly higher cooling rates and deviations in solidification times compared to 
the experimental data, mainly due to the thermal Neumann boundary condition. Furthermore, the average 
discrepancy in solidification time for five points of the intended casting component between the experiment and 
SPH is 8.60 %, whereas when compared with ProCAST, the discrepancy increases to 9.13 %.   

Introduction 

Gravity casting is a metal pouring process where molten metal is 
transferred from a crucible into a mold solely through the force of 
gravity [1]. This technique comprises two primary steps: filling the mold 
with the liquid metal and solidification. The common objective of 
various industries is to improve product quality and minimize costs, and 
one effective approach to accomplish this is by leveraging the capabil-
ities of numerical simulation [2–4]. Researchers have dedicated 
considerable efforts over the past few decades to investigating the cor-
relation between the filling step and the quality of castings through a 
combination of numerical simulations and experimental validations 
[2,5]. Effectively forecasting and analyzing the behavior of molten 
metal during the filling, cooling, and solidification steps necessitates the 

integration of computer modeling with practical investigations [6]. 
Extensive research has been conducted in the fields of thermal analysis, 
predictions of oxidation and free-surface flow to enhance our compre-
hension of the casting process [6,7]. 

These research studies were conducted using two different ap-
proaches: mesh-based and meshless methods [8]. The mesh-based 
method has certain challenges, including a high number of grid cells, 
lengthy computation time, and a lack of fluid history. On the other hand, 
the meshless technique is better suited for predicting free surfaces and 
oxidation defects compared to mesh-based methods. Smoothed Particle 
Hydrodynamics (SPH) is a Lagrangian method that is particularly suit-
able for simulating the filling process and solidification in gravity cast-
ing [9,10]. This method offers unique advantages, such as the ability to 
model the behavior of free surfaces and material interfaces, as well as 

* Corresponding author. 
E-mail address: Mohammad.zarbini_seydani@ensam.eu (M.Z. Seydani).  

https://doi.org/10.1016/j.tsep.2023.102329 

mailto:Mohammad.zarbini_seydani@ensam.eu
https://doi.org/10.1016/j.tsep.2023.102329


2

simulate complex physics involving solidification and multiphase flow 
[11–13]. While there have been numerous studies on casting modeling 
using SPH, only a few of them have successfully incorporated filling, 
cooling, solidification, and have validated their results using experi-
mental data. During the past 20 years, much more information has 
become available on simulating casting processes using the SPH method 
especially high-pressure die casting [14]. 

Cleary et al. [15] and Ha and Cleary [16] conducted studies on the 
application of smoothed particle hydrodynamics (SPH) in two- 
dimensional high-pressure die casting (HPDC) and compared the re-
sults with water analog experiments. Ha and Cleary [16] performed 
isothermal SPH and volume-of-fluid (VOF) fluid simulations for HPDC, 
and the numerical results were compared with water flow tests for three 
different geometries. The SPH method demonstrated better prediction of 
separation from the corners, the timing of separation void disappear-
ance, and the smoothness and shape of primary jet free surfaces [16]. 
For three-dimensional isothermal numerical simulation, Cleary et al. 
[17] developed a modeling approach for HPDC. The simulations 
revealed flow separation and significant fragmentation of free surfaces, 
leading to the formation of transient voids. To compare the SPH meth-
odology with commercial software, Cleary et al. [18] contrasted the 
findings of MAGMAsoft simulation and SPH methodology using a water 
analog experiment for HPDC. The SPH model exhibited remarkably 
good agreement with fill pattern, speed prediction, and void trapping 
timings, unlike the MAGMAsoft simulation. Additionally, by incorpo-
rating an enthalpy formulation for solidifying metals, heat transfer and 
solidification predictions using SPH aligned well with experimental 
observations. He et al. [19] investigated two- and three-dimensional 
modeling of the filling stage in HPDC using smoothed particle hydro-
dynamics with artificial viscosity and the moving least squares method 
to address pressure oscillations. When comparing the results of SPH and 
the finite difference method (FDM) with experimental data, it was found 
that the SPH results were more consistent with the FDM. Cleary et al. 
[20] demonstrated the utility of SPH as a computational tool to predict 
die-filling behavior in complex thin-walled high-pressure die casting 
and compared the findings with water analog studies at similar Reynolds 
numbers. The rate of flow movement, the shapes and positions of voids 
during early filling, and the location and rate of the backfilling process 
matched perfectly. Hu et al. [11] employed smoothed particle hydro-
dynamics to develop a three-dimensional simulation of HPDC for a 
realistic die. The experimental results confirmed the excellent stability 
and reliability of the SPH model in evaluating the flow rate of molten 
metal during the cavity filling process. In their study, Tokunaga et al. 
[21] described a particle method simulation for the generation and flow 
of cold flakes in the high-pressure die casting process. 

It is worth mentioning that smoothed particle hydrodynamics (SPH) 
has also been applied to other casting methods, including gravity and 
low-pressure casting. Ha et al. [9] conducted a study using SPH to model 
the filling process in two-dimensional gravity die-casting. They consid-
ered isothermal conditions and the thermophysical properties of water 
in two different shapes. The results showed good agreement with ex-
periments in predicting the overall structure of the filling step. The SPH 
simulations successfully captured the behavior of free surface waves and 
provided detailed information about the flow. In the work of Cleary [8], 
an SPH approach was developed to predict shrinkage defects in two- 
dimensional simulations of the low-pressure casting process for an en-
gine block. The model considered oxide production, feeding, solidifi-
cation dynamics, and the distribution of residual pressure in the 
solidified metal. The ability to predict the amount and duration of liquid 
metal exposed to air was found to be crucial in estimating oxide con-
centration. Cao et al. [22] proposed a novel methodology for the 
foundry-filling process, utilizing composite solid boundary treatment 
and creating numerical models based on the SPH method. A traditional 
method was employed for the solidification model, incorporating 
temperature-dependent viscosity. However, the results obtained using 
this approach were not satisfactory. Lysenko et al. [23] utilized the SPH 

approach to simulate the filling and crystallization stages of low- 
pressure casting. They found that the SPH method accurately simu-
lated the filling process and could be applied in foundry manufacturing. 
The authors noted that under high pressure, supercooling reduced the 
solidification time of aluminum alloys. While several studies have 
focused on modeling the filling, solidification, and prediction of oxida-
tion defects in casting processes, there has been a relatively limited 
amount of research that simultaneously investigates these processes in 
gravity and low-pressure casting. Zarbini et al. [24] utilized the SPH 
approach in numerical simulations and validated its accuracy through 
experimental tests to replicate the filling, cooling, and solidification 
processes of resin bonded sand gravity casting in a 2D scenario. By 
comparing the results obtained from both the experimental findings and 
simulations conducted with SPH and ProCAST, they effectively 
demonstrated the superior performance of SPH in accurately repre-
senting crucial aspects such as filling time, filling morphology, and 
volume flow rate. 

This article presents a comprehensive study on resin bonded sand 
gravity casting, incorporating 3D numerical simulation and experi-
mental validation. The goal of the research is to assess the accuracy and 
reliability of the Smoothed Particle Hydrodynamics (SPH) approach in 
comparison to ProCAST software. By conducting real gravity casting 
tests using transparent glass molds, both with and without glass, the 
researchers confirm the numerical simulation’s ability to accurately 
replicate the filling and solidification processes. 

Gravity casting experiment 

The experiments were carried out to validate the 3D SPH code and 
compare it with the ProCAST software while utilizing the actual filling 
system used for casting a plate. To conduct these tests, a 3D printed mold 
was employed, ensuring both high thermal stability and dimensional 
accuracy. The mold was filled with molten metal using gravity casting, 
which facilitated controlled and consistent flow. This combination of 
factors allowed for the precise replication of complex geometries and 
ensured reliable casting outcomes. The primary objective of these tests 
was to affirm the effectiveness of the 3D SPH code in simulating the 
gravity casting process with a resin bonded sand mold. 

Casting and molding design 

A test case, as shown in Fig. 1, is designed to validate the accuracy 
and performance of the 3D SPH code in simulating gravity casting with a 
resin bonded sand mold. 

The geometry shown includes all the essential elements required for 
a traditional casting experiment. These components include a pouring 
basin, a circular sprue, a runner, and an ingate. The plate is filled from 
the bottom through the ingate located at the center of the plate. The 
plate itself measures 200 mm in length, 100 mm in height, and 8 mm in 
thickness. It is important to note that the plate’s thickness is intention-
ally much smaller than its length and height to ensure a uniform filling 
in the vertical direction and reduce the simulation’s runtime. For the 
filling process, an ingate with a height of 5.6 mm and a length of 22.3 
mm is utilized. The ingate is positioned 10 mm away from the end of the 
runner to limit the amount of sand that can be carried along with the 
molten metal. The runner, which connects the sprue to the ingate, has a 
square shape with dimensions of 11.1 mm and a length of 210 mm. The 
circular sprue employed has a diameter of 12.6 mm and a height of 100 
mm. It is designed to have the same height as the plate to ensure com-
plete filling. Additionally, a cylindrical pouring basin with a diameter of 
80 mm and a height of 80 mm is considered. The top of the plate is 
intentionally left open to allow trapped air to escape without affecting 
the filling process. 

The molds were produced using an ExOne S-Print Furan printer, 
which has a job box size measuring 800 × 500 × 400 mm3 [25]. The 
resin-bonded sand molds consist of a casting cavity, a base, a stopper, 
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and a transparent glass. It is important to note that 3D printed resin- 
bonded sand molds need to exhibit sufficient casting resistance and 
allow for the release of gases. Casting simulation was employed using 
commercial software to determine the appropriate thickness of the sand 
mold surrounding the plate. Two different molds were printed for the 
experiments. The first mold included a transparent glass component in 
front of the plate, which allowed for observation and recording of the 
filling process of AlSi13 into a 3D printed sand mold bonded with resin. 
On the other hand, the second mold used for thermal analysis solely 
consisted of a 3D printed resin-bonded sand mold, without the incor-
poration of glass. The experimental mold with glass contains three 
components (positive side, negative side, and the glass), while the mold 

without glass has just two parts (positive side and negative side). The 
positive side of the mold is larger in both cases and makes up the ma-
jority of the filling system, whereas the negative side is located in the 
lower part of the mold. Fig. 2 represents designing mold with glass and 
without glass with Catia and 3D printing resin - bonded sand mold with 
glass. 

In situ instrumentation 

A resistance furnace of NPG.45 type, having a power output of 12 
kW, voltage of 380 V, and current of 19A, is employed for the purpose of 
melting around 5 kg of AlSi13 (also referred to as EN AC-4400 by the 

Fig. 1. Schematic of geometry intended for gravity casting (mm).  

Fig. 2. Geometry of mold a) Designing mold with glass by CATIA b) Designing mold without glass by CATIA c) 3D printing resin - bonded sand mold with glass.  
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Aluminum Association’s US designations) at a temperature of 700 ◦C. 
The temperature of the molten metal when it enters the mold is not the 
same as that of the furnace, but it consistently stays higher than the 
temperature of the liquid metal. The metal has a superheat of around 
75 ◦C, while the pouring temperature is approximately 655 ◦C. It’s 
important to note that AlSi13 is slightly hyper eutectic due to its silicon 
content of 13 wt%, exceeding the eutectic point of the Al-Si alloy, which 
is 12.6 wt% [26]. AlSi13 is widely used in foundries because of its 
favorable properties, including good fluidity, castability, corrosion 
resistance, and crack resistance [27]. According to the ProCAST com-
mercial software, the liquidus and solidus temperatures of AlSi13 are 
572 ◦C and 570 ◦C, respectively, with a temperature difference of only 
two degrees. Consequently, the solidification process occurs at a rela-
tively constant temperature, simplifying the analysis of solidification 
models. 

An acquisition system and strategically positioned thermocouples 
are employed to measure the filling and solidification times at various 
stages, allowing for a comprehensive examination of these processes. To 
gain insights into the flow dynamics during the filling stage, an acqui-
sition system equipped with electrical contacts is utilized to track the 
fluid movement in specific sections. Steel rods, each with a diameter of 
1 mm, are precisely positioned at six distinct locations within the mold, 
as illustrated in Fig. 3. These rods serve as monitoring points to track the 
time it takes for the molten metal to fill the mold, starting from the top of 
the sprue and progressing towards the end of the plate. As the molten 
metal comes into contact with the rods, completing the electrical circuit, 
the resistance decreases, resulting in a corresponding drop in voltage. 
The output voltage data is collected at a fixed frequency of 100 Hz. 

Furthermore, in order to examine the temperature changes within the 
molten metal, K-type thermocouples are strategically placed at six spe-
cific locations, as indicated in Fig. 3. Given that the maximum temper-
ature recorded during the experiment is 655 ◦C, the thermocouples have 
a precision of ±4.91 ◦C (0.0075× |T′|). 

For the experiment using glass the acquisition system was put in 
nodes (N1, N2, N3, N4, N6, N7) to capture filling time (Fig. 4-4). The 
acquisition system and thermocouples were placed respectively in the 
nodes (N1, N2, N3, N4, N6, and N7) and (N1, N5, N6, N7, N8, and N9) 
for the experiment without glass in order to record the filling time and 
temperature (Fig. 4-4). N1 is positioned at a distance of 17.6 mm from 
the top of the sprue. N2 is 5.55 mm from the sprue bottom in the central 
portion of its thickness. To clarify further, a reference steel rod is posi-
tioned at the top of the sprue (N1), and the circuit is closed when the 
metal connects N1 to N2. This time represents “t = 0 s”. 

N3 is situated at the bottom of the runner, at the ingate entrance. N4 
is in the middle of the ingate. By taking into account 20 mm, 50 mm, and 
90 mm heights from the bottom of the plate, respectively, N5, N6, and 
N7 are installed at the middle of the thickness and length of the plate. By 
considering 50 mm and 25 mm from the plate’s border, two additional 
points, defined N8 and N9, are embedded at the middle thickness of the 
plate and 50 mm height from the bottom of it. It should be noted that the 
filling process of casting is visible thanks to the use of 8 mm thick heat- 
resistant transparent silicone glass. The high-speed CR1000x3 camera 
can record the casting process filling. The 1280 x 512 pixel camera’s 
field of view enables the recording of images while the casting is being 
filled. The camera is configured to take pictures at a 100 Hz frequency. 

Fig. 3. Location of thermocouples and tracking of molten metal (mm).  
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Experimental results 

Filling time curves 
Fig. 4 illustrates the voltage decline over time for two different ex-

periments using glass (N1, N2, N3, N4, N6, and N7) and without glass 
(N1 to N7). Fig. 5 displays time the metal reaches the positions of the 
points N2 to N7 (bottom of sprue (N2), in the runner (N3), in the ingate 
(N4), and 20 mm, 50 mm and 90 m height of plate (N5, N6, and N7) 
respectively). Fig. 6 shows the height of the liquid at the center of the 
200 mm-long plate. 

Point by point filling time analysis 
The filling times at various points in the experiments were analyzed. 

The filling times at N3 and N4 were similar for both experiments, as 
shown in Figs. 4 and 5, with a relative error of less than 5 %. None-
theless, there was a lack of data for the glass experiment at point N5, 
whereas the experiment without glass had recorded the filling time. 
Notably, at point N6, a notable difference of approximately 13 % was 
observed between the two experiments, with the glass experiment filling 

at a faster rate. This difference can be attributed to the glass having a 
higher slip coefficient than the sand mold, which enables quicker filling. 
Based on the analysis of filling time at N7, it can be estimated that the 
experiments with and without glass would have filling times of 1.935 s 
and 1.965 s, respectively. 

Analysis of liquid level height: Initially, between 15 mm and 40 
mm, the plate fills up in a quick time interval of 0.2 s, indicating a high 
vertical filling velocity of approximately 0.125 m/s. The experiment 
results show that the liquid’s height oscillates until it reaches 40 mm. 
When liquid reaches a height of 40 mm, it remains at this level height for 
0.3 s (0.5 s to 0.8 s). This stability is due to the balance between liquid 
pressure and gravity, causing the metal to transition from vertical to 
horizontal flow. Between 0.7 s and 1.0 s, oscillations are observed be-
tween a height of 40 mm and 55 mm. From a height of 55 mm, the liquid 
exhibits a linear increase between 1.1 s and 1.93 s, with an average 
velocity of 0.042 m/s and minimal oscillations. 

Temperature time curves 
In Fig. 7, you can observe temperature variations at six positions 

Fig. 4. Voltage versus filling time for different points of experimental test.  

Fig. 5. Points position versus filling time for different points of experimental test for whole part.  
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denoted as N1, N5, N6, N7, N8, and N9. These cooling curves exhibit 
three distinct zones that correspond to phase transitions in the alloy. The 
experimental cooling rates for Zones 1 and 3, as well as the solidification 

time for Zone 2, are detailed in Table 1. The slopes in each of these zones 
were calculated using the highest and lowest temperature values along 
with their respective time points. Notably, the zero time point in Fig. 7 
represents the initial closure of the electrical circuit at the base of the 
sprue, identified as N2. N1, located at the top of the sprue, is used to 
determine the casting’s starting temperature. Two temperature analyses 
were conducted on the plate. The first analysis examines temperature 
changes vertically using N5, N6, and N7. These positions are situated at 
distances of 20 mm, 50 mm, and 90 mm from the bottom of the plate, 
respectively, at the middle point of the 4 mm thickness and 100 mm 
length. The second analysis focuses on temperature changes along the 
plate’s length and considers N6, N8, and N9. These positions are located 
at the midpoint of the 50 mm height and the thickness, with distances of 
100 mm, 50 mm, and 25 mm in the length direction, respectively. 

Fig. 6. Liquid level height versus filling time of experimental test for plate.  

Fig. 7. Experimental cooling curves of AlSi13 alloy for points (N1, N5, N6, N7, N8 and N9).  

Table 1 
Experimental cooling rate and solidification time for (N5, N6, N7, N8, and N9).  

Position of 
thermocouples 

Cooling rate 
(Liquid state) 
(T.s− 1)

Solidification 
time 
(s)

Cooling rate 
(solid state) 
(T.s− 1)

N5  16.27  83.36  0.91 
N6  18.29  119.5  1.27 
N7  17.38  109.17  1.07 
N8  13.91  117.62  1.22 
N9  13.60  94.63  0.95  
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Temperature analysis in height direction (N5, N6, and N7) 
N6 exhibits a more significant temperature decrease in the liquid 

cooling area compared to N5 and N7, with drops of 12.41 % and 5.43 %, 
respectively. N5 and N6 initially have similar temperatures and enter 
the solidification zone simultaneously. However, N5 fills before N6, and 
N7 experiences a higher rate of temperature decline. Surprisingly, even 
though N6 is filled later, it undergoes a faster temperature change than 
N7 due to its lower initial temperature. In the solidification zone, N6 
experiences the longest solidification time compared to N5 and N7, 
largely unaffected by height boundary conditions. N7, on the other 
hand, takes longer to solidify than N5 because it’s filled to a height of 
over 100 mm, reducing the air’s influence on N7. During the cooling of 
the solid state, N6 encounters a more rapid temperature decline than N5 
and N7. N7 experiences a faster temperature drop than N5 due to N6’s 
extended solidification, resulting in a quicker temperature drop as it 
enters the solid cooling zone. When N6 enters zone 3, the surrounding 
material has already solidified, leading to an accelerated temperature 
drop at N6. 

Temperature analysis in length direction (N6, N8, and N9) 
It is observed that the thermocouples at these points display the 

maximum temperature value at the same time. The maximum temper-
ature decreases as one moves toward the mold’s boundary, with N6 
having a maximum temperature of 625 ◦C and N9 having a maximum 
temperature of 595 ◦C. Differences in cooling rates are observed in the 
first zone due to variations in maximum temperature values. N6 takes 
longer to solidify than N8 and N9, indicating a sharper decrease in so-
lidification time approaching the mold wall. In the third zone, N6 un-
dergoes a greater rate of temperature decline compared to N8 and N9. 
The cooling drop values show a small difference between N6 and N8, 
likely due to their similar solidification times. It is noteworthy that N6 
experiences a higher temperature drop than N9, despite being closer to 
the mold wall, by approximately 25.2 %. 

Numerical methodologies 

This article discusses a research study that focuses on modeling the 
filling and solidification processes in 3D sand gravity casting. The study 
utilizes two different numerical approaches: the meshless method, spe-
cifically Smoothed Particle Hydrodynamics (SPH), and the mesh-based 
method, using commercial software, for simulation. The accuracy and 
reliability of these models are subsequently confirmed through experi-
mental validation. 

SPH method 

Discretization of SPH approach 
SPH is a technique that employs particles to simulate various phe-

nomena, including fluid flow, heat transfer, and intricate physics like 
multiphase flow and solidification [13,14]. Unlike conventional Euler-
ian methods [14,18], SPH operates on a Lagrangian continuum princi-
ple, allowing each particle to automatically track complex flows. To 
achieve this, SPH employs interpolation kernels [14,18] to smoothen 
particle density, pressure, and other individual properties based on 
neighboring particles. The SPH approach expresses the interpolated 
value of a field function A at any given location r [14,18]. 

A(ri) =
∑N

j=1

mj

ρj
A(rj)Wij (1)  

This equation signifies the summation of all j particles within the sup-
port domain of the i particle, which extends up to a radius of 2h from r. 
mj, ρj, and Wij = W(ri − r′, h) correspond to the mass, density and the 
kernel function, respectively [14]. The constant value of the smoothing 
length, denoted as “h,” is determined based on the initial inter-particle 

distance δx0(h = 2δx0) [12,14]. The initial volume of the particles, 
represented by V′

0 = δxd
0, is dependent on the number of space di-

mensions, denoted as d. The Kernel function adheres to certain prop-
erties, including smoothness, compact support, normalization, and 
regularity, as stated in references [11,12,14]. 

W(r, h)3D = α3D

⎧
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(2)  

Where α3D is equal to 3
359πh3. The fluid properties are determined by 

employing smoothing gradients. The gradient of the function A is then 
given by [14]: 

∇A(ri) =
∑N

j=1

mj

ρj
A(rj)∇Wij (3)  

Several enhancements have been implemented to enhance the SPH 
method, aiming to simulate free surface flows with reduced numerical 
noise and tensile instability [28,29]. In this study, the δ − SPH technique 
[30,31] is employed to enhance accuracy and minimize numerical noise 
when simulating casting process in the Navier-Stokes and energy 
equations. The continuity, momentum, energy, and equation of state 
were modeled using weakly compressible and Newtonian assumptions. 
Further details can be found in [30,31]. 

Discrete form of governing equations 
To accurately model the physics involved in the sand gravity casting 

process during filling and solidification, it is essential to address and 
solve the continuity, momentum, and energy equations [32,33]. The 
following equations represent the discrete form of continuity, Navier- 
Stokes, energy, and displacement equations for the δ − SPH approach 
[24]: 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Dρi

Dt
= − ρi

∑

j
(Vj − Vi).∇iWijV′

j + hc0

∑

j
δ Dij.∇iWijV′

j

DVi

Dt
= −

1
ρi

∑

j
(pi + pj)∇iWijV′

j + hc0
ρ0

ρi

∑

j
απij∇iWijV′

j + gi +
A(ϕs)Vi

ρi

C
∼

i
DTi

dt
= ∇.(< ki > ∇Ti)

C
∼

=< C > +ρlL
dϕ
dT

D r→

Dt
= V→

(4)  

In Cartesian coordinates, the substantial derivative is denoted by D(.)Dt . ∇i 

represents the gradient operation, commonly known as the coordinates 
of the particle. Furthermore, This symbol < . > defines as follows: 

< . >= (1 − ϕ)(.)s +ϕ(.)l (5)  

ρ, p,V, r,T, k,V′
j, g, L and C represent density, pressure, velocity vector, 

position vector, temperature, thermal conductivity, volume, gravita-
tional acceleration vector, latent heat and volumetric heat capacity, 
respectively. 

In the continuity equation, the diffusive term is represented by the 
symbol “Dij.” 
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Dij = 2[(ρj − ρi) −
1
2
(〈∇ρ〉L

j +〈∇ρ〉L
i ).(rj − ri)]

(rj − ri)
⃒
⃒rj − ri

⃒
⃒2

(6)  

The symbol 〈∇ρ〉L
i indicates the renormalized density gradient that has 

been defined as [29]: 

〈∇ρ〉L
i =

∑

j
(ρj − ρi)Li∇iWijV′

j (7)  

Li =

[
∑

j
(rj − ri) ⊗ ∇iWijV′

j

]− 1

(8)  

δ is an important parameter that plays a significant role in determining 
the extent of density diffusion [30]. The permissible range for this 
dimensionless parameter is restricted, and it is typically set to 0.1 in 
δ − SPH. 

In the momentum equation, πij serves as an artificial viscosity to 
enhance stability [34], while α is a constant, dimensionless parameter 
ranging from 0.01 to 0.05 [30]. 

πij =
(Vj − Vi).(rj − ri)

(rj − ri)
2 (9)  

The variable A(ϕs) is a linear function employed to introduce solidifi-
cation into the momentum equation, whereas ϕs represents the solid 
fraction [35]. 

A(ϕ) = − CA(1 − ϕ) (10)  

In this study, CA represents a constant parameter with a value of 106. 
This linear function has the advantage of being computationally inex-
pensive. The effect of the porosity function on the momentum equation 
is elucidated in three consecutive steps as follows [24].  

• In the entire liquid region (when ϕ = 1), the function A becomes zero 
and therefore does not affect the momentum equation.  

• The porosity function gradually changes between the liquid and solid 
regions, particularly in the mushy/regularization region (when 
0 < ϕ < 1). 

• In the complete solid region (i.e., when ϕ = 0), the function A as-
sumes an extremely large value. Consequently, it overwhelms all 
other terms in the momentum equation when considering velocity 
changes over time. As a result, the predicted velocity is set to zero. 

Energy equation is written based on the temperature and volumetric 
heat capacity which is totally explained in previous research. In energy 
equation, smooth fraction function address both isothermal and non- 
isothermal phase transition problems [36,37]. The smooth fraction 
function can be represented by a sine function with respect to temper-
ature [24]. 

ϕ(T) =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0 T < Tr − ε (solid)

1
2

{

1 + sin
(

π
(

T − Tr

2ε

))}

Tr − ε ≤ T ≤ Tr + ε (mushy)

1 T > Tr + ε (liquid)

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

(11) 

In Eq. (11), ε denotes a smoothing parameter that is used with a 
Heaviside step function within a region of 2ε when considering 
isothermal phase transition. The reference temperature, denoted as Tr, 
varies depending on the type of process, whether it is isothermal or non- 
isothermal. In the case of an isothermal phase change process with a 
pure material, Tr is equal to the melting temperature (Tr = Tm). On the 
other hand, in non-isothermal phase change phenomena, Tr is deter-
mined as the average of the liquidus and solidus temperatures (Tr =
Ts+Tl

2 ). For more details, refer to [24,30,31]. 

The WCSPH technique [38], known as weakly compressible 
smoothed particle hydrodynamics, is utilized in this research. The 
pressure calculation in this study is based on the equation of state pre-
sented as follows: 

P = Pr(
ρ
ρ0

− 1)+Pb (12)  

Where ρ0 represents the reference density, Pr indicates the reference 
pressure and Pb shows the background pressure. The reference pressure 
is determined by the reference density and the artificial sound speed c0 
in the linear constitutive equation of state given by Eq. (12). 

Pr = ρ0c2
0 (13)  

After considering the stability criteria, employing the actual speed of 
sound as a point of reference leads to an exceedingly small time step. 
Consequently, the determination of c0 is accomplished in the following 
manner. 

c2
0 ≥ max

{
U2

0

δρ ,
‖g‖L0

δρ ,
μU0

ρ0L0δρ

}

(14)  

The velocity reference, length reference, and dynamic viscosity are 
denoted as.U0, L0, and μ, respectively. The dimensionless density vari-
ation, represented by δρ, is set at 1 % according to reference [39]. In 
order to simulate free surface flow, the background pressure is typically 
set to zero (Pb = 0). However, in confined flow situations, a positive 
value is assigned to this parameter to prevent tensile instability. It is 
worth noting that the maximum density variation, (δρ), is approximately 
1 %. 

Boundary condition 
Fluid boundary condition: 
In this study, we employed an adaptation of the generalized wall 

boundary condition method proposed by [39,40], which accounts for 
multiphase fluid flow. To put this method into practice, three layers of 
dummy particles were positioned along the wall interface in a perpen-
dicular manner, as shown in Fig. 8. This method allows for the estab-
lishment of either free-slip or no-slip wall boundary conditions. When 
calculating the viscous forces exerted by the fluid, the free-slip boundary 
condition is employed by ignoring the viscous interaction between the 
fluid particle and the neighboring dummy particles. 

As suggested by [39,40], the pressure in the dummy-wall particle is 

Fig. 8. Visual Representation Depicting Different Parameters Involved in the 
Generalized Wall Boundary Condition [39]. 
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determined based on the pressure in the adjacent fluid particles j. 

pw =

∑nf
j pjWij + g

∑nf
j ρjrwjWwj

∑nf
j Wij

(15)  

Thermal boundary condition 
The previous work has introduced the non-homogeneous thermal 

neumann boundary condition ∇T.n = q [24]. In order to express the 
thermal Neumann boundary conditions on the material particles 
(including liquid, mushy/regularization, and solid regions), the 
following equation has been developed, utilizing the appropriate wall 
particles. 

Twalli =
q
∑nb

j rij
∂W
∂r V′

j + d
∑nb

j TjV′
j∇W.ni

d
∑nb

j V′∇W.ni
(16) 

Here q shows a heat flux (q = 0 for the adiabatic conditions) and ni 

represents the normal vector to the wall. 

ProCAST simulation 

ProCAST is a commercially available software that utilizes the finite 
element method to simulate the complete casting process, including 
both the filling and solidification stages. In order to explore the char-
acteristics of gravity casting in a mold made of resin-bonded sand, a 
thorough three-dimensional thermal–hydraulic simulation was carried 
out using the ProCAST software [41,42]. The simulation focused on the 
AlSi13 alloy and treated the liquid alloy as an incompressible Newtonian 
fluid [43,44]. By solving the 3D continuity and Navier-Stokes equations, 
along with incorporating heat conservation principles, the filling and 
solidification processes of gravity casting were modeled [45,41,42]. 

Continuityequation : ∇.V→= 0 (13)  

NavierStokes(Momentumequation) : ρ D V→

Dt
= ρ g→− ∇p +∇.(μ∇ V)

̅→
(17)  

Energyequation : ρcp
DT
Dt

= ∇.(k∇T)+ ρL
∂ϕs

∂t
(18)  

SolidificationPath : ϕs = (
T − Tl

Tl − Ts
) (19) 

In the ProCAST simulation, a linear solidification path is assumed. 
The time steps for filling and solidification have minimum values of 
0.01 s and maximum values of 0.1 s and 1 s, respectively. The thermal 

properties of the resin-bonded sand and AlSi13 alloy can be found in 
Table 2 of the ProCAST database. The latent heat value of AlSi13 is 
522kJ/kg, while the liquidus and solidus temperatures are recorded as 
572 ◦C and 570 ◦C, respectively. The density of the resin-bonded sand is 
assumed to be constant. When the molten metal enters the mushy area 
below 570 degrees and at a velocity of less than 100 kg.m/s, the vis-
cosity of AlSi13 increases, resulting in the prioritization of the viscosity 
term and halting fluid movement to simulate the solidification process. 

Initial and boundary conditions 

Initial condition 
Hydraulic: It’s crucial to highlight that, in fluid dynamics, the fluid 

begins in a state of rest, as was observed in the conducted experiment. 
This occurs when the appropriate initial and boundary conditions are 
introduced. The flow of the fluid is then naturally initiated as a conse-
quence of gravity. 

Thermal: The thermocouple (N1) is situated at the topmost section of 
the sprue. The initial condition for numerical simulation is set based on 
the approximate maximum temperature recorded at this location, which 
is 655 ◦C. In contrast, the initial temperature of the mold wall is 20 ◦C, 
matching the temperature of the surrounding environment. 

Boundary condition 
Hydraulic: The WSHEAR (wall shear) technique is employed in the 

ProCAST simulation to consider the presence of a velocity boundary 
layer along the mold wall. The parameter WALLF is assigned a value of 
0.99, indicating a higher degree of wall slips. Additionally, the SPH 
method defines Perfect slip as the boundary condition between the wall 
and the fluid. 

Thermal: To model the cooling and solidification process, both 
WCSPH and ProCAST simulations utilize the Neumann boundary con-
dition (Conduction). This condition helps estimate the heat extraction at 
the interface between the metal and the mold. The heat flux leaving the 
mold surface is assumed to be constant across three different levels, as 
depicted in Table 3. These levels correspond to the cooling of molten 
metal above the liquidus temperature, the solidification process be-
tween the liquidus and solidus temperatures, and the cooling of solids at 
temperatures below the solidus temperature. The values for these levels 
are determined through one-dimensional calculations based on experi-
mental data. The following method demonstrates how to calculate the 
value of “q” using one-dimensional equations. T0,TL,TS, and Tend shows 
initial, liquidus, solidus, and temperature at 150 s. Furthermore, the 
average time intervals between specific temperatures in each location 
(N5 to N9) were employed in order to calculate these values. 

*Due to the temperature gradient between the mold and the molten 
material in the first period, when the mold is still cold and the metal is 
liquid, q is equal 195000W/

m2, the heat extraction is high. Then, in the 
second and third stages, the value decreases to 44000W/

m2 and 
11300W/

m2, respectively. Fig. 9 shows q values of Neumann boundary 
condition versus temperature and time for SPH and ProCAST method, 
respectively. 

Table 2 
Thermal properties of the resin-bonded sand and the AlSi13 alloy in ProCAST 
database.  

Temperature 
(
◦C)

Density 
(kg.m− 3)

Specific heat 
(J.kg− 1.K− 1)

Conductivity 
(W.m− 1.K− 1)

Viscosity 
(kg.m− 1.s− 1)

Resin-bonded sand properties 
20  670 0.71  
100  800 0.68  
200  920 0.64  
300  883 0.60  
400 1590 1006 0.56  
500  1006 0.53  
600  1006 0.50  
700  1006 0.60  
900  1006 0.73   

AlSi13 alloy properties 
300 2600 1020 151.6 100 
450 2578 1130 147 100 
550 2563 1200 144 100 
570 2560 1210 143.5 100 
572 2478 1210 80 0.001 
750 2431 1210 80 0.001  

Table 3 
One-dimensional equation to obtain Neumann boundary conditions in three 
different zones.  

Zone (1) 
Q = − K

∂T
∂x

=
ρeCp(T0 − TL)

texp
≈ 195000W/

m2 

Zone (2) 
Q = − K

∂T
∂x

=
ρeL + ρeCp(TL − TS)

t(exp)
≈ 44000W/

m2 

Zone (3) 
Q = − K

∂T
∂x

=
ρeCp(TS − Tend)

t(exp)
≈ 11300W/

m2   
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Mesh and convergence 

CATIA V5 software is used to create the CAD models of the part, the 
gating system, and the sand mold before being imported into ProCAST. 

For the part and mold, the model is meshed using linear tetrahedral 
elements with a mesh size of 2 mm. The mesh size is established via a 
number of mesh refinement trials in order to confirm that ProCAST and 
SPH simulations are mesh-independent. The trend of mesh dependence 

Fig. 9. q values of Neumann boundary condition versus temperature and time for SPH and ProCAST method.  

Fig. 10. Mesh independency of filling step for ProCAST Simulation.  
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for filling is shown in Figs. 10 and 11. According to ProCAST simulation 
results, a larger filling velocity value is expected when mesh is refined, 
and this value converges as the cell size goes down. Fig. 10 shows that 
when the cells are 2 mm in size or smaller, variation is less than 5 % in 
total filling time with reducing cell size. As a result, mesh is generated in 
a 2 mm size. This leads to the selection of 596,578 cells, which corre-
spond to 2 mm in size. With the SPH method, the trend is reversed. When 
there are more particles, the velocity is decreased. The results of the SPH 
technique are considered to become independent of the number of 
particles once the number of particles reaches 184,839 corresponding to 
1.8 mm between each particle. Fig. 10 shows that when the distance 
between each particle is between 1.7 mm and 1.8 mm, variation is less 
than 3 % in total filling time. 

Fig. 12 represents the final mesh used for ProCAST simulation. 
Fig. 13 also illustrates the SPH method’s mesh generation. The geometry 
must be created using CATIA by designing the desired part’s outer shell 
in order to generate mesh for the SPH method. Then, four particles 
should be positioned in the outer direction perpendicular to the shell, 
with an embedded thickness proportional to the space between each 
particle. The appropriate geometry file is given to a program that can 
generate a triangular mesh, such as ProCAST, QuikCAST, Abaqus, etc. 
The file is sent to MATLAB software because the generated triangular 
mesh may not have exactly 2 mm between each point. The distance 
between the points is organized in MATLAB software, and an embedded 
geometry shell is created with a thickness equal to four times the dis-
tance between each particle. In the context of the SPH approach, it is 
worth mentioning that the time step has a value of 2.5e− 4 s. 

Results and discussion 

Study of filling step 

Three different approaches are employed to analyze the filling re-
sults in this study. Firstly, the filling time of six points in the mold cavity 
is considered, and experimental data, SPH simulation, and ProCAST 
simulation are presented in Fig. 14 to compare the results with and 
without glass. Secondly, the filling time is correlated with the liquid 
level height in the plate, focusing on the middle section of the plate, as 
shown in Fig. 15. Lastly, the filling morphology is examined using a 2D 
analysis, with a camera placed in front of the plate. Fig. 16 illustrates the 
filling morphology using three techniques (experiment with glass, SPH, 
and ProCAST), as well as a comparison of the volume flow rate over time 
for each method in the 2D flow. 

Filling time analysis 
Table 4 displays the time it takes to fill points N3, N4, N5, N6, and N7 

in seconds, based on the average values from two experiments con-
ducted with both glass and without glass, using the SPH method and 
ProCAST simulation. 

The results obtained from the acquisition system shown in Fig. 14 
demonstrate that it takes approximately 0.15 s to go from N2 (bottom of 
the sprue) to N3 (beginning of the ingate) based on experimental data. 
The SPH approach carefully estimates the filling time as 0.15 s, while the 
simulation using ProCAST slightly overestimates it as 0.16 s. The 
experimental filling time between N3 (beginning of the ingate) and N4 
(middle of the ingate) is only 0.012 s, with corresponding values of 
0.045 s for SPH and 0.06 s for ProCAST. According to the experimental 
results, it takes 0.088 s for the filling time between N4 and N5, which is 
20 mm above the bottom of the plate. Both SPH (0.045 s) and ProCAST 
(0.04 s) show a negligible underestimation of the filling times between 
N4 and N5. The filling times for N6 (50 mm height from the bottom of 
the plate) and N7 (90 mm height from the top of the plate) reveal that 
the numerical approaches SPH and ProCAST overestimate and under-
estimate the filling time compared to the experimental results, respec-
tively. The outcome indicates that the discrepancies between the 
experiment and SPH for points N6 and N7 are approximately 2.94 % and 
5.13 %, respectively, while the differences between the experiment and 
ProCAST for these two points are 11.11 % and 15.38 %, respectively. It is 
worth noting that the flow initially becomes turbulent as the liquid 
enters the plate through the small ingate, characterized by high velocity 
and changing cross-section. The flow remains turbulent until the free 
surface becomes flat. After 0.6 s, when the liquid becomes flat, the 
Reynolds number drops below 1000, indicating a transition to the 
laminar phase of flow. 

Liquid level height 
Fig. 15 represents the level of liquid height in the center of the plate 

versus filling time for the experiment and numerical (SPH and ProCAST) 
results. 

In Fig. 15, the initial position of each curve varies for the three 
methods because of different filling times. The starting point is deter-
mined by examining the initial image on the plate, through both nu-
merical analysis and experimentation. Initially, the liquid fills the plate 
and rises to a height controlled by pressure, subsequently spreading 
longitudinally after passing through the ingate located at the center of 
the plate. ProCAST simulation accurately predicts the filling time, 
evident from the comparison of liquid level up to 0.5 s, including 
appropriately predicted oscillations. However, in ProCAST simulation, 
the middle height of the liquid oscillates instead of remaining constant. 

Fig. 11. Mesh independency of filling step for SPH Simulation.  
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Fig. 12. Schematic of mesh of ProCAST simulation.  

Fig. 13. SPH geometry schematic with 1.8 mm distance between particles.  

Fig. 14. Filling time of several points in the mold cavity for Experiment, SPH method and ProCAST simulation.  
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In contrast, the SPH method maintains a nearly constant liquid level of 
around 27 mm during the 0.35 s to 0.65 s period of longitudinal filling. 
Afterwards, liquid level variations become oscillatory in both the 
experiment and ProCAST simulation, but follow a nearly linear trend in 
the SPH method. Notably, the SPH and experiment results are almost 
identical after 0.75 s. Comparing the SPH simulation to the experiment, 
the error in predicting liquid level height relative to filling time is below 
10 % between 0.75 s and 2.05 s. 

Filling morphology 
Fig. 16 shows the filling morphology of the sand gravity casting 

process using the SPH method, experiment, and ProCAST simulation. 
The figure displays the filling process at 0.1-second intervals from 0 s to 
1.7 s. The zero reference time in this figure is when the liquid enters the 
200 mm wide plate through the ingate. The calculations focus on the 
filling height, up to 90 mm from the plate’s bottom. Image analysis 
enables the determination of the liquid volume entering the plate by 
calculating the area of liquid and assuming uniform filling across the 
thickness. Fig. 17 presents the volume flow rate versus time. 

At the initial stage (0.0 s), the plate fills up from the bottom through 
the right side ingate. The ProCAST simulation showed a higher volume 
of liquid entering the plate at 0.1 s compared to SPH and the experiment. 
However, the distribution of the liquid differed, with the experiment 
showing vertical filling and SPH predominantly filling along the plate’s 
length. At 0.2 s, the volume flow rate was higher in both SPH and Pro-
CAST compared to the experimental data. The filling morphology also 
differed, with the numerical methods reaching the wall in the longitu-
dinal direction, while the experiment did not. ProCAST distributed the 
liquid more evenly along the wall than SPH. By 0.3 s, the experimental 
results showed the fluid reaching the wall on the right side of the plate, 
while the numerical methods differed in their extent of wall filling. The 
discrepancy between experimental and SPH results in volume flow rate 
is significant. Volume flow rate for Experiment, SPH, and ProCAST are 
0.81× 10− 4m3/s, 1.06× 10− 4m3/s, and 1.30× 10− 4m3/s, respectively. 
At 0.5 s, the SPH method successfully predicted the free surface of the 
liquid with two dips. The volume flow rate differences between the 
experiment and numerical methods were reduced. At 0.6 s, the SPH 
approach showed a nearly flat fluid surface, while ProCAST and the 
experiment displayed oscillations. The volume flow rate discrepancies 
between SPH and the experiment reversed, and ProCAST still over-
estimated the flow rate. By 0.7 s, all methods showed a nearly horizontal 
liquid surface, and the experimental results revealed a rise beyond the 

plate’s bottom. The volume flow rates decreased in the experiment and 
SPH, while increasing in ProCAST. From 0.8 s to 1.7 s, the liquid 
morphology changed only in the vertical direction, and the volume flow 
rates gradually declined. The SPH approache properly modeled the ef-
fects of metal height changes. It should be noted that the minimum 
volume flow rate of ProCAST simulation (at time 1.7 s) is higher than the 
maximum volume flow rate of SPH and Experiment (at time 0.8 s). 
Hence, it is obvious that ProCAST simulation grossly overestimates 
volume flow rate during casting process filling. The results demonstrate 
that the two numerical approaches differ in filling time, morphology of 
filling, and volume flow rate during the filling stage of gravity casting 
process. The variations between the results of these two numerical 
simulations can be attributed to a number of factors like physical models 
and numerical methods. 

In physical model, ProCAST is mesh-based method (Finite Element 
Method), while SPH is mesh-less method. Mesh-based techniques are 
typically Eulerian: they simulate fluid flows using a fixed grid. SPH, on 
the other hand, employs a Lagrangian approach. This simply shows that 
particles move in accordance with the flow rather than being fixed in 
space. SPH is a great method for examining casting process filling 
because there is no mesh distortion, which enables efficient simulation 
of the free surface. In general, the SPH allows for a better understanding 
of the fine details of the flow, such as the filling time and morphology. 

When it comes to the numerical method, weakly compressible flow is 
taken into account in the SPH method, whereas incompressible flow is 
taken into account in the ProCAST method. The equation of state is used 
by the SPH method, whereas ProCAST does not. This means that each 
method has a different way of calculating pressure. Because of the 
various pressure and density equations, the characteristics of the flow 
change and are diverse in two ways. 

Using the two distinct numerical approaches, the pressure gradient 
and diffusion term of the Navier-Stokes equation are derived and dis-
cretized in different ways. Due to this, the filling results of gravity cast 
parts for both numerical methods could differ. Examining mathematical 
operators such as gradient, divergence and Laplace and discretization 
methods used in FEM and SPH show that the discretization of Navier 
stocks and continuity equation is different. 

Study of cooling and solidification step 

Fig. 18 displays the cooling curves for points N5, N6, N7, N8, and N9, 
while Table 5 provides the associated cooling rates and solidification 

Fig. 15. Liquid level height in the center of plate versus filling time for Experiment, ProCAST simulation and SPH method.  
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Fig. 16. Morphology of filling process versus time – a) SPH (Left) b) Experiment (middle) c) ProCAST (Right).  
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times for three distinct zones. It’s important to highlight that the qual-
itative comparison between the experimental and numerical results is 
influenced by the absence of experimental data regarding the thermal 
properties of both the sand and the alloy. 

N5: Comparing the cooling rates in Zone One of Fig. 18 and Table 5 at 
N5, located in the middle of the plate with a height of 20 mm, reveals 
that the SPH and ProCAST methods exhibit higher experimental cooling 
rates by 14.19 % and 17.70 % respectively. The examination of 

experimental and numerical data for solidification time (Zone 2) in-
dicates that the SPH approach overestimates it, whereas ProCAST un-
derestimates it compared to the experimental values. Similarly, 
numerical simulations tend to overestimate the cooling rate in Zone 3, as 
observed in Zone 1. 

Fig. 18 demonstrates the influence of thermal boundary conditions as 
a function of time on the ProCAST simulation, resulting in a step-like 
behavior in temperature evolution within the third zone. At 100 s, the 

Fig. 16. (continued). 
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metal remains in the second zone at the center of the plate, while it 
reaches the third zone near the mold boundary. This moment coincides 
with a sudden change in the value of q in the boundary conditions, 
leading to a gradual decrease in the rate of heat exit at the mold borders. 
The metal in the center acts as a heat source, transferring heat to the 
metal near the boundaries. Consequently, heat transfer from the center 
to the boundaries attempts to balance out, resulting in an almost zero 
rate of temperature drop. 

N6: The SPH method provides predictions that are approximately 2 
% closer to the experimental results than ProCAST. However, in zone 1 
at N6, which is positioned at the center of the plate in terms of width, 
thickness, and height, the experimental method still exhibits a higher 
cooling rate. The solidification time values are comparable for all three 
methods at N6. ProCAST underestimates by roughly 1.5 %, while SPH 
overestimates by about 2 %. Notably, N6, located at the plate’s center, 
has the longest solidification time. In the third zone, similar to the first 

Fig. 16. (continued). 
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zone, SPH forecasts a slower cooling rate, whereas ProCAST shows a 
significantly higher value, which is abnormal. 

N7: Like other points, Nè shows a higher cooling rate in the experi-
mental results compared to the numerical ones. Positioned at 90 mm 
from the plate’s bottom and at the midpoint of its width and thickness, 
N7′s initial temperature differs from the SPH and ProCAST methods. The 
SPH method predicts solidification time more reliably with a 7 % de-
viation from the experimental results, while ProCAST’s solidification 
time is 22.5 % lower. Both methods indicate a lower cooling rate in the 
third zone, but SPH outperforms ProCAST in prediction accuracy. It’s 
worth noting that, similar to N5, a change in boundary condition at 100 s 
causes a temperature drop, followed by a rise from 100 s to 140 s. This 

highlights the limitation of using Neumann’s temperature boundary 
conditions over time. 

N8: The experimental cooling rate at N8, located at a height of 50 
mm in the middle of the thickness and 75 mm from the transverse wall, 
exceeds SPH and ProCAST by 6.6 % and 14.8 % respectively. In the 
second zone, the predicted solidification time values closely resemble 
N6 due to its proximity to the plate’s center, with both numerical 
methods slightly overestimating the value. Notably, in the ProCAST 
simulation, the solidification time at N8 is unexpectedly higher than N6, 
which is abnormal. In the third zone, the SPH method predicts a tem-
perature drop approximately 15.1 % lower than the experimental re-
sults, while ProCAST forecasts a cooling rate that is 12.9 % higher than 
the experimental findings. 

N9: The SPH method shows an overestimation of 1.5 % at N9, which 
is located 50 mm away from the mold in the width direction and in the 
center of height and thickness. On the other hand, the ProCAST method 
underestimates by 12.5 %. Both approaches significantly overestimate 
the solidification time. In zone 3, both numerical methods indicate a 
higher cooling value. The SPH method predicts 7.4 % more than the 
experimental results, while the ProCAST method predicts 16.8 % more. 
The notable difference between the numerical and experimental 

Fig. 16. (continued). 

Table 4 
Filling time (s) of N3 to N7 in the mold cavity for Experiment, SPH method and 
ProCAST simulation.  

Methods/Points N3 N4 N5 N6 N7 

Experiment  0.15  0.16  0.25  0.99  1.95 
SPH  0.15  0.2  0.29  1.02  2.05 
ProCAST  0.16  0.22  0.26  0.88  1.65  

Fig. 17. Volume flow rate versus filling time into the plate for EXP, SPH and ProCAST method.  
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outcomes for the solidification time in the second zone might be the 
reason for this overestimation in zone 3. 

In the initial zone, it was observed that experimental tests exhibited a 
higher rate of temperature reduction compared to numerical simulations 
in most cases. This dissimilarity can be attributed to the presence of air 
in the experimental tests, which was not accounted for in the numerical 
simulations. In the second zone, solidification time in experiments 
consistently proved to be shorter than the predictions of the SPH method 
at all points. This discrepancy arises from the calculation of the “q” value 
in the Neumann boundary condition for each zone in the numerical 
simulations, which utilizes an analytical equation based on specific as-
sumptions. Specifically, these assumptions involve complete contact 
between the liquid and the mold, as well as infinite thermal conductivity 

of the molten alloy. Consequently, these assumptions lead to an un-
derestimation of the “q” value in the boundary conditions, resulting in 
longer solidification times in the numerical simulations. 

Applying Neumann boundary conditions as a function of time leads 
to different slopes in the cooling zone for liquid and solid regions with 
varying thicknesses. There are also issues when applying Neumann’s 
boundary conditions in terms of temperature. The “q” value experiences 
three-step decreases from zone 1 to zone 3, as illustrated in Fig. 9 and 
Table 3. When the temperature of the metal near the boundaries falls 
below the solidus temperature, the metal transitions from zone 2 to zone 
3. Consequently, the thermal boundary conditions in the walls undergo a 
sudden change, causing a sharp drop in the value of “q.” At this point, 
the metal in the center of the plate remains in zone 2, leading to an 

Fig. 18. Temperature evolution of point N5, N6, N7, N8, and N9.  

Table 5 
Comparison of temperature drop rates (C◦/s) in liquid (zone 1) and solid (zone 3) and solidification time (s) (zone 2) for N5, N6, N7, N8 and N9 using experimental 
data, SPH and ProCAST.  

Methods/Points N5 N6 N7 N8 N9 

Region 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 

Experiment  16.27  97.16  1.04  18.29  119.5  1.27  17.38  109.17  1.07  15.32  117.62  1.22  13.60  94.63  0.95 
SPH  13.96  105.4  0.95  14.41  121.95  1.03  14.72  116.80  0.97  14.30  118.81  1.06  13.80  117.81  1.02 
ProCAST  13.39  86.8  1.02  14.12  117.7  1.33  14.34  84.49  0.94  13.04  119.96  1.40  12.58  114.58  1.11  
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inaccurate prediction of solidification time in the middle of the plate. 
By employing the thermal Neumann boundary condition as a func-

tion of temperature, the temperature evolution in the SPH method be-
comes more uniform across all points of the plate compared to the 
experimental results. As shown in Table 5, the solidification time values 
for all points in the SPH method are closer to each other than they are to 
the experimental results. In terms of cooling rate, this conclusion holds 
true for both the first and third zones. A comparison of results obtained 
by applying Neumann boundary conditions as a function of time and 
temperature indicates that applying boundary conditions based on 
temperature yield more accurate results. 

Conclusion 

This article focused on the 3D numerical simulation and experi-
mental validation of filling, cooling, and solidification for resin bonded 
sand gravity casting. The objective was to assess the accuracy and reli-
ability of the Smoothed Particle Hydrodynamics (SPH) approach in 
modeling the filling, cooling, and solidification steps of sand gravity 
casting in a closed system, compared to commercial software like 
ProCAST. 

The study conducted a real 3D gravity sand casting test using two 
molds—one with transparent glass and the other without—to facilitate 
the observation of the filling stage. By comparing the experimental ob-
servations with the numerical simulations using image analysis, it was 
demonstrated that the SPH approach could accurately replicate the 
filling process. The shape of filling, filling time, and volume flow rate 
were analyzed and found to be in good agreement between the nu-
merical and experimental data. Additionally, the study examined the 
application of Neumann’s boundary conditions to temperature in the 
absence of glass. The SPH results showed that this approach improved 
the prediction of temperature evolution across all three zones, indicating 
a more homogeneous modeling of the process. 

Through these real experimental gravity sand casting tests, the 3D 
SPH code developed in this thesis was validated. The results confirmed 
the reliability of the SPH approach in simulating the filling, cooling, and 
solidification processes of rapid gravity casting. Moreover, a comparison 
with ProCAST highlighted the superior performance of the SPH method 
in accurately modeling filling time, filling morphology, and volume flow 
rate. 

In conclusion, the utilization of glass in real gravity casting experi-
ments enabled the direct observation and validation of the filling pro-
cess, supporting the results obtained through numerical simulations 
using the 3D SPH code and commercial software such as ProCAST. This 
research contributes to the evaluation and comparison of different 
modeling approaches, affirming the SPH method as an effective tool for 
simulating the complex dynamics of filling and solidification in resin 
bonded sand gravity casting. 
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