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Abstract: Gravity sand casting simulations require accurate modelling of heat transfer phenomena
to reliably evaluate the expected quality of the produced parts. Average model parameters can be
easily retrieved from a validated database. However, these parameters are highly dependent on the
specific sand used and the actual forming process in the foundry. Furthermore, the heat transfer
from the solidifying alloy to the mould surfaces is not precisely known, so simulation models usually
use typical values for overall heat transfer coefficients. Most research works investigate individual
parameters, whereas heat transfer phenomena largely arise from their interaction together. Therefore,
the present work describes a combined experimental and computational method based on genetic
algorithm techniques for determining the most important parameters for heat transfer in a sand
mould. The experiments examine both virgin and reused sand, as these are alternatively used in
the foundry for mould forming. The density, thermal conductivity, and specific heat capacity of the
different sands are identified, along with heat transfer coefficients. The counterproof simulations
demonstrate that the standard parameters are quite reliable for virgin sand. However, in the case of
reused sand, the identified parameters lead to more reliable results.

Keywords: gravity sand casting; thermal conductivity; volumetric heat capacity; heat transfer
coefficient; parameter identification; genetic algorithms; reused sand

1. Introduction

Gravity Sand Casting (GSC) involves pouring molten metal into a sand mould to
produce a part with intricate shapes. GSC simulations are fundamental to designing a
mould capable of delivering specified quality levels [1,2], thus avoiding expensive trial and
error in the foundry. Heat transfer plays a pivotal role in these simulations as it leads to the
progressive solidification of the casting while maintaining a prolonged fluid connection
with the feeders to compensate for its volume shrinkage during solidification. Therefore,
identifying heat transfer parameters is essential to optimising the mould equipment and
process parameters.

Different sands used for forming the mould exhibit specific thermal properties, signifi-
cantly influencing heat transfer rates. Generally, the heat removal rate of a sand mould is
lower than that of a permanent one manufactured from steel due to its lower volumetric
heat capacity and thermal conductivity [3]. The volumetric heat capacity is lowered in
direct proportion to the volume fraction of the pores and can be measured via differential
scanning calorimetry. Thermal conductivity is also significantly reduced by the pores, as
low air thermal conductivity increases overall thermal resistance. Thermal conductivity can
be calculated from the density, specific heat capacity, and thermal diffusivity, measured via
the flash diffusivity method [4,5]. Recent works derive conductivity by monitoring tempera-
tures in dynamic conditions through high-resolution infrared thermography [6]. Advances
in sensing technologies have enabled in situ measurements of thermal conductivity [7].
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Experiments on these thermal properties have shown some positive correlation with
density, but also some deviations. For instance, non-spherical pores worsen thermal con-
ductivity more than spherical ones, and variations in grain size can have more significant
effects than variations in pore volume fractions. The crystallographic structure of the sand
and additives also has similar effects. The effective thermal properties of porous materials
are complex to determine; therefore, the literature describes several alternative predictive
models [8]. Some of these are based on a large dataset of thermal conductivity measure-
ments or require many inputs to deliver the resulting parameters [9]. These techniques
offer fundamental insights into the bulk thermal conductivity of the material; however,
they may not capture the complex and dynamic nature of heat transfer in GSC processes.

In fact, thermal dynamics through the sand mould are further complicated by other
physics phenomena. Hot air is vented from the cavities through the sand pores [10]. The
gases generated from the burned binder of the sand must also be continuously vented, but
this heats up the neighbouring sand. Determining the heat flux from the alloy to the sand
often involves experimental measurements or numerical simulations [11], as it depends on
various factors such as contact pressure, surface finishing, sand grain dimensions, coating
thickness, and deformation of the casting, which can be difficult to model analytically.
In GSC simulations, this heat flux is modelled as an overall Heat Transfer Coefficient
(HTC), which is the proportionality constant between heat flux and temperature difference
between the contacting surfaces per unit area [12,13]. The HTC between casting and
mould surfaces is not precisely known, and the simulations rely on typical HTC values
available in the software database. If the reliability of the results must be improved,
HTCs are identified with experimental and inverse optimisation procedures [14,15]. The
literature on identifying heat transfer coefficients in GSC demonstrates a diverse range of
approaches, none of which is easily usable for setting up simulation models. Furthermore,
most methods use specimens expressly produced for the experiments. By contrast, the heat
transfer properties of sand heavily depend on the actual forming process in the foundry. In
foundries, sand is conveniently reused several times, changing its physical and thermal
properties. Hence, a gap exists in the literature as the variation in properties during actual
use and reuse is not studied.

The present work describes a combined experimental and computational method
for identifying the most important parameters for heat transfer through a sand mould.
This paper is organised as follows: Section 2 introduces the GSC equipment used in the
experiments and the identification technique through inverse optimisation. Section 3
presents a case study on identifying the thermal parameters of virgin and reused sand, and
Section 4 provides concluding remarks.

2. Technique and Equipment for Parameter Identification of Sand Moulds

The present research follows the workflow shown in Figure 1. It consists of four main
phases that are further divided into activities carried out through simulations in the left
column and experimental activities on the right. Note that parameter identification through
inverse optimisation is carried out in two steps: the first identifies sand properties, while
the second identifies heat transfer from the Al alloy to the mould. The properties of the
sand are identified in the first step, since the heat resistance due to the solid mould is
much higher than the resistance at the alloy-mould interface. This two-step identification is
necessary to split the number of parameters in two, thus converging the algorithm towards
an optimised result.



Machines 2024, 12, x FEOR PEER REVIEW 3 of 17

Migghies 2924, 15,3 FOR PEER REVIEW 3 0f 17

FiguEe I WorkHw o e ARl QR AR R A A G IR
5Ty Pesign of Mould Equipment, and, Experiment
”l}l:l\ie i s{}épasei?l] .14 an‘f e ,‘,
corsﬁm Y ?E%%%E giioarend
agc rsg a, rna e% OIeL
ur O w SSH

gy CAD modeh for e mulations.



fuﬂy filled with more sand to create a flat surface at the partiﬁg plane between the lowe
and upper moulds.

WSS 3243 JOR PBER REVIEW Seht

ThheesyrRethnentinist RS EeRA N ASRRSTINE seotHeRAHERIEen T iR He
uppResadddioatd b saRlFHO AR Idsed desigpeb tesasslsehohwtild iertaraechesnaegsiuples
phglags shoshe mraligarchd@nemmmaved theieatety bsfthy ibkdeddinginkeehie fdly-
Hudy Wilkdmoth saark tnobicecadise sultfduatategpdhenpaplingePere datwieetotived awer
qupierlppﬁﬂmpulds.

Figure 3. Forming equipment with an insert for retaining the thermocouple stems.

Model 01, shown in Figure 2, with three thermocouples simulated as points, was use
as a reference in preliminary evaluations. The protection of thermocouples in this exper
ment is still an open issue. Therefore, to simulate the experiment as accurately as possible
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To evaluate the simplifications in the model and save on calculation time, model 01
in Figure 2 was simulated again as 07, considering only the solidification phase and not
the pouring phase.
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2.3. Parameter Identification through Inverse Optimisation of Sand Properties

Parameter identification was carried out by means of inverse optimisation using the
genetic algorithm (GA) technique. The GA sets different physical parameter values over a
generation of GSC simulations. The results are evaluated by comparing these values to the
experimental data. The parameters of the next generation are defined by merging the ones
from the simulations with the lowest difference between real data and simulation results.
Generation after generation, the GA identifies a set of parameters that best fit the experimental
data. In this research, Magmasoft’s Optimization Perspective module was used [16].

Simulation model 07 was used for this parameter identification step by reusing the
standard HTC values as already described in Section 2.1. Since the heat resistance due
to the solid mould is much higher, the error introduced with the standard HTC values is
very little relevant to the identified properties of the sand. The first inverse optimisation
identified six design variables for sand and cycle time:

- 1: the density of silica dry sand is constant, varying in the range of 1000-3000 kg/m?,
with steps of 10 kg/m?; the preliminary evaluations described in Section 2.1 used the
standard value of 1520 kg/m3 from the Magmasoft database.

- 2 and 3: thermal conductivity is a two-step function that varies in the range of
0.1-1.5 W/mK, with steps of 0.05 W/mK at 20 °C, and again in the range of
0.1-1.5 W/mK, with steps of 0.05 W/mK, at temperatures above 500 °C; Figure 6
compares the variation function for thermal conductivity to the standard curve for
silica dry sand, where the x-coordinates of the points to be identified are highlighted
with black dashed lines.

- 4 and 5: specific heat capacity is a two-step function, varying in the range of
500-1000 J/kgK, with steps of 5 J/kgK at 20 °C, and in the range of 750-1750 ] /kgK,
with steps of 5 J/kgK at temperatures above 580 °C; Figure 7 compares the variation
function for specific heat capacity to the standard curve for silica dry sand, where the
x-coordinates of the points to be identified are highlighted with black dashed lines.

- 6: the start time is a constant parameter, varying in the range of 0-20 s, with steps
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with 15 designs each were calculated, for a total of 225 designs. The mutation probability
and crossover function are determined by the Magmasoft optimisation module, which is
closed-sourced software.

2.4. Parameter Identification through Inverse Optimisation of Heat Transfer Coefficients

This second inverse optimisation reused the model 07 adjusted with the identified
parameters for sand density, thermal conductivity, and specific heat capacity, and identified
three design variables for heat transfer between alloy and sand moulds for cycle time:

- 1and 2: the HTC parametric function depends on the temperature of the contacting
alloy, varying in the range of 200-1000 W/m?K below the solidus temperature of
479 °C for AlSi9CulMg, with steps of 10 W/m?K, and in the range 500-2000 W /m?K,
with steps of 5 W/m?K, at temperatures above the solidus temperature of 578 °C;
Figure 8 compares the HTC variation function to the standard curve used for the Al
alloy-sand pair, where the x-coordinates of the points to be identified are highlighted
with black dashed lines;

- 3: the start time is a constant parameter, varying in the range 0-20 s, with steps of 1 s,
with the function already described in the previous optimisation.

The optimisation was set again with the same measured data and objective function.
The total number of different genotype combinations is 256,851. 15 generations with
8 designs each were calculated, for a total of 120 designs.
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- 3: the start time is a constant parameter, varying in the range 0-20 s, with steps of 1
s, with the function already described in the previous optimisation.
The optimisation was set again with the same measured data and objective function.

The total number of different genotype combinations is 256,851. 15 generations with 8 9of16
designs each were calculated, for a total of 120 designs.
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inside formed with virgin sand, and the rest filled with reused sand.
The used sand is always reused. After grinding, the sand is mechanically sifted to
throw away dust with particles smaller than 70 pm. Most of the sand is therefore simply
reconditioned with additional binder and reused in the process. Only part of it is further
heat-treated to extract the resin and restore its virgin properties. The physical properties
of the tested sands used to form the moulds are reported in Table 1. The physical analysis
presented in Table 1 indicates noticeable differences, potentially attributed to the presence
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The used sand is always reused. After grinding, the sand is mechanically sifted to
throw away dust with particles smaller than 70 um. Most of the sand is therefore simply
reconditioned with additional binder and reused in the process. Only part of it is further
heat-treated to extract the resin and restore its virgin properties. The physical properties of
the tested sands used to form the moulds are reported in Table 1. The physical analysis
presented in Table 1 indicates noticeable differences, potentially attributed to the presence
of burned binder particles in the reused sand.

Table 1. Physical analysis of the tested sands.

Test Standard Virgin Silica Sand Reused Silica Sand
Humidity [%] B.PU.25TV 0.10% 0.23%
Loss of calcination [%] B.PU.12 TV >10% 1.28%
Acid requirement (pH =7) [ml HC1 0.1 N] B.PU.01 SN 3.5 3.2
Sieve residue (fraction d < 90 pm) [%] B.PU.01 TV 0.19% 0.79%
Fineness index [-] - 47 49

The first experiments were carried out with virgin silica sand, with each experiment
performed in triplicate to ensure simulation reliability and validation. The temperature
curves obtained in these experiments from the three thermocouples are illustrated in
Figure 10. The first subscript represents the number of experimental replicas, resulting
in the Tj+, Tpx, and T3+ curves. The second subscript represents the value recorded as T+
curves for the thermocouple closest to the casting, T+ for the central one, and Tx3 for the
farthest one. The temperature curves were averaged to upload the experimental data for
the three thermocouples to Magmasoft. On average, the AlSi9CulMg alloy was mgasured
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Figure 10. Temperature curves in the experiments with moulds formed from virgin silica sand.

The experiments were repeated on reused silica sand, resulting in the temperature
curves shown in Figure 11. On average, the alloy was measured at 699 °C, while thelgteéle

frame was at 38.9 °C and the sand mould at 38.4°C.

Fi ureﬁl Temperature curves in.the experiments wtiﬁh mo&lédsfform from reuse slllica sangd.
Figlre 11. Temperature curves in the experiments with mouldsTormed from reused silica sand.
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important because it provides volumetric heat capacity, as shown in Figure 14. Finally, the
start time was identified as 10 s for the experiment with virgin sand and 11 s for reused
sand. The most important parameters for matching the measured and calculated curves
include density, with a positive correlation of 0.25; the specific heat capacity level above
580 °C, with a correlation of —0.25; and the conductivity above 480 °C, with a correlation
of 0.25. The correlation was low since many parameters interact while obtaining the
objective function, justifying the use of the two-step identification method to converge
the optimisation algorithm. The other parameters show negligible correlations in the
experiments’ temperature range. In particular, the negligible correlation with the objective
start time demonstrates that the physical phenomenon is very slow. Therefore, simplifying
the simulation without considering the pouring phase still provides reliable results.

3.3. Identification of Heat Transfer Parameters

The second optimisation identified HTCs, as shown in Figure 15. The standard
curve for the HTC between Al alloy and sand is also reported. The most important
parameter for matching the measured and calculated curves is the HTC level above a
liquidus temperature of 578 °C, with a correlation of —0.75. Again, the closing time
shows negligible correlation. The heat supplied by the casting before and during slow
solidification is an important phenomenon.
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Parameter Virgin Silica Dry Sand [°C, Value] Reused Silica Dry Sand [°C, Value]

ﬁ;r;;?]’ any, 1570 any, 1560
20, 0.6 20, 0.4

Thermal conductivity [W/(m-K)] 500, 0.5 500, 0.85
800, 0.5 800, 0.85
Specific heat capacity 20,750 20, 840
/(keK)] 580, 1250 580, 945

800, 1250 800, 945

20, 1,177,500 20, 1,310,400

Volumetric Heat Capacity

580, 1,962,500 580, 1,474,200
[T/(m3-K)] e
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Table 2. Identified parameters for virgin and reused silica dry sand and the HTC between

AlSi9CulMg alloy and sand.

Virgin Silica Dry Sand [°C,

Reused Silica Dry Sand [°C,

Parameter Value] Value]
[Eg;;“;/] any, 1570 any, 1560
Thermal conductivity 20,0.6 20,04
W/ (K] 500, 0.5 500, 0.85
800, 0.5 800, 0.85
. . 20, 750 20, 840
Spe“f[ljc /?Eaf&pmty 580, 1250 580, 945
& 800, 1250 800, 945
Volumetric Heat 20, 1,177,500 20, 1,310,400
Capacity 580, 1,962,500 580, 1,474,200
[/(m3K)] 800, 1,962,500 800, 1,474,200
20, 830 20, 770
HTC / /
. 479,830 479, 770
Als[lgvc/‘lénl\g%jmd 578, 1160 578, 1280
800, 1160 800, 1280

3.4. Simulation with Standard and Identified Parameters

Final simulations were conducted on virgin and reused sand using the identified pa-
rameters. The simulated temperature curves using standard parameters from the database
are compared in Figure 16a with the experiment with virgin sand and with the simulation
using the parameters identified for it, while in Figure 16b they are compared with the
experiment and simulation in the case of reused sand. Considering the difference between
the actual and initial temperatures for each thermocouple as [(T1-T10), (T2-T20), (T3-T30)],
that is, cancelling the variation due to different initial temperatures, the simulation with
standard parameters results in average errors of [—0.91%, 4.52%, —4. 49%] compared to
expenments with virgin sand and in average errors of [-010.73%, —18.36%, 1.87%] com-

ared to riments with reuse ulat u g parameters identified
B e e D S R, s,

f) 0 experimen Viter reused sand, refsciv
compare to experiments With virgin and reuse sand respectively.
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4. Conclusions

GA techniques were used in this study to identify the properties of the sand used to
form moulds for GSC. This method was divided into two phases to reduce the number
of parameters, thus allowing the GA to converge. In the first step, the sand properties
were identified as temperature-dependent functions for density, thermal conductivity, and
specific heat capacity. The volumetric heat capacity was determined by multiplying the
density by the specific heat capacity. The HTC between the AlSi9CulMg alloy and sand
was also determined in a second identification step as a function of the alloy’s liquidus and
solidus temperatures. For the sake of computational efficiency, the simulation model only
considered solidification without calculating the pouring of the melted alloy. It has been
demonstrated that the elimination of the casting phase does not lead to a significant change
in temperature trends. Considering this initial phase and any errors between the start of
the experiment and the acquisition, the identification algorithm was also parameterised
with a delay at the start of the experiment. However, the negligible correlation of these
parameters with the objective function demonstrates that the simplification is reasonable
with this slow heat transfer phenomenon.

The thermal parameters of the sand had greater relevance than the HTC in the evolu-
tion of the temperature field. Since the influence was greater, the sand parameters were
identified more precisely.

The standard parameters proved to be quite reliable for virgin sand; however, they
can still be improved as they vary depending on the preparation conditions in the foundry.
In contrast, the standard parameters were not accurate for reused sand. As a result, the
evolution of the temperature field may be different than expected, causing quality problems.

Ultimately, simulations conducted with the parameters identified for virgin and reused
sands reproduced the temperature fields well.

Future work will involve designing equipment to measure sand parameters in the
process, not as a tool to fine-tune the simulation but as a process control tool to predict the
quality of the castings.
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