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MATHEMATICAL MODEL OF HEAT TRANSFER
IN THE “FROZEN CASTING MOLD - ANTI-ADHESIVE
COATING - METAL” SYSTEM BASED ON CELLULAR
AUTOMATA

M. 3amamin, T. Jlucenxo, 0. Moposos, B. 3amamin, K. Kpeiiyep. MaTeMaTHYHA MOJIeJIb TeIJIONEPEHOCY B CHCTeMi «3aMOpO:KeHA
JMBapHa ¢opMa — MPOTHNPUTapHe MOKPHTTS — MeTa» HA OCHOBI KIIITHHHUX aBTOMATiB. PO3p00IeHO MaTeMaTHYHY MOZEIb TeIIonepe-
HOCY B CHCTEMi «3aMOpO’XCHa JIMBapHa (opMa — IPOTUNPHTapHE HOKPUTTS — META) HA OCHOBI KJIITHHHUX aBTOMATiB. MOEIIOBaHHS TIepe-
HOCY TEIJIOBOI eHepril 3aificHIeThCs Ha 0asi crerianbHOl Mozu(iKamii METoLy CTOXaCTHYHMX 30yUIMBHX KIITHHHHX aBTOMaTiB (Stochastic
Excitable Cellular Automata — SECA). Ha nijcraBi MaTeMaTH4HOT MOJEII IPOBEACHO PO3PAXyHKHU TEILIONEPEHOCY B CHCTEMI «3aMOPOXKEHa
nuBapHa (popMa — MPOTUNPHUTapHE HOKPUTTS — MeTa. [l BUSHAYCHHS TEMIIEpaTyp KIITHHHUX aBTOMATIB Ha HyJbOBOMY KPOLU YHCEIBHO-
r'O eKCIIEPUMEHTY ISl KOXKHOTO 3 HUX 3aaf0ThCs II0YATKOBI 3HAUYCHHS TEMIIEPATypH, BEIMYHHN TEIUIONPOBIIHOCTI, TermnoeMHocTi. [ToTim Ha
KOXKHOMY N-My 4aCOBOMY KpPOLi OOUYHCIIIOETECSI HOBE 3HAUCHHS TEMIIEpaTypy aBTOMAaTa 3 ypaXyBaHHIM TEIUIOBHX HMOTOKIB 3 OOKY KOXKHOTO
cycigaporo aBromara.llpu aHami3i TerioMaconepeHocy HeoOXiJHO BPaXxOByBaTH BUTPATH TEIUIa HA IUIABJICHHS Ta BUIIAPOBYBAHHS BOJH, a
TaKOX BUJIIJICHHS TEIUIa PH KOHJEHCALi Bosory. TemnoTy ruiaBneHHs b0y Ta BUMAPOBYBAHHS BOJIM BPAaXOBYBAIU IIUISIXOM 301IbIICHHS
MMUTOMOI TEIUIOEMHOCTI ()OopMHU B iHTepBaii TemnepaTyp IuiaBieHHs.[IpoBeneHi TOCTiIKEeHHS TO3BOJIMIN €KCIIEPHMEHTAIBHO MiATBEPIUTH
a/ICKBaTHICTh MAaTEMATHYHOI MOJENI TEILIONEPEHOCY B CHCTEMi «3aMOpOXCHA JMBapHa (OpMa — MPOTHIpUrapHe MOKPUTTS — METa» Ha
OCHOBI KIIITUHHUX aBTOMATiB. J{0CIiPKEHHS IPOBOAMIIMCS 3a JonoMorot criaBy AKSM2 mpu nuTTi B 3aMOpOXKEHH JIMBapHi (OPMH 3 TIPO-
TUNpUrapauM nokpurTsam.IIpencraBnena Homorpama Juisi BU3HAYEHHS MiHIMAIbHOT TOBIMHH 3aMOPOKEHOTO CTPHKHS 3aJISKHO BiJ TOBIIU-
HU CTiHKHM BHJIMBKHU Ta TeMIIEpaTypH oxojomkeHHs Gopmu. OmucaHo MeTos BUOOpY mapameTpiB 3a HoMorpamoro. OTpumaHa MaTeMaTHuHa
3aJIKHICTh IMOUMHM porpiBy Ghopmu (cTprxHs) a0 -5,0 °C Bia TOBUIMHM CTiHKM BHJIMBKA. [Ipu Wil TeMneparypi MIiLHICTh 3aMOPOKEHOL
hopM¥u (CTPHKHS) HOPIBHIOETHCS 3 MILHICTIO MiIIaHO-TIIMHUCTOT GOPMH.

Kouosi cnosa: 3aMopoxeHa iuBapHa (popMma, KIITHHHI aBTOMATH, TEINIO0OMIHHI IPOLECH, IPOTHIIPUTAPHE MOKPUTTS

M. Zamiatin, T. Lysenko, Yu. Morozov, V. Zamiatin, K. Kreitser. Mathematical model of heat transfer in the “frozen casting mold —
anti-adhesive coating — metal” system based on cellular automata. A mathematical model for heat transfer in a “frozen casting mold —
anti-adhesive coating — metal” system has been developed based on cellular automata. The modeling of thermal energy transfer is carried out
using a special modification of the Stochastic Excitable Cellular Automata (SECA) method. Based on this mathematical model, heat transfer
calculations were performed for the “frozen casting mold — anti-adhesive coating — metal” system. To determine the temperatures of the
cellular automata at the initial step of the numerical experiment, each automaton is assigned initial values for temperature, thermal conductiv-
ity, and heat capacity. Then, at each subsequent n-th time step, a new automaton temperature value is calculated, considering thermal fluxes
from each neighboring automaton. When analyzing heat and mass transfer, it is crucial to account for heat consumption during the melting
and evaporation of water, as well as heat release during moisture condensation. The heat of ice melting and water evaporation was consid-
ered by increasing the specific heat capacity of the mold within the melting temperature range. The conducted research experimentally con-
firmed the adequacy of the mathematical model for heat transfer in the “frozen casting mold — anti-adhesive coating — metal” system based
on cellular automata. The investigations were performed using an AK5M2 alloy cast into frozen molds with an anti-adhesive coating. A
nomogram is presented for determining the minimum thickness of the frozen core depending on the casting wall thickness and the mold
cooling temperature. A method for selecting parameters using this nomogram is described. A mathematical dependency of the mold (core)
heating depth to —5.0 °C on the casting wall thickness was derived. At this temperature, the strength of the frozen mold (core) is comparable
to that of a sand-clay mold.

Keywords: frozen casting mold, cellular automata, heat exchange processes, anti-adhesive coating

1. Introduction

Casting into frozen casting molds (FCM) represents one of the most promising directions in
modern foundry production. This method opens up new possibilities for obtaining castings with im-
proved characteristics and enhanced production efficiency. A key feature of casting into FCMs is a
significant increase in mold strength compared to traditional sand-clay molds. This is achieved by us-
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ing water as the primary binder, which forms a robust
framework upon freezing.

Beyond enhanced strength, the use of FCMs offers sev-
eral other crucial advantages. These include an improved
structure, increased precision, and better geometric parame-
ters of castings, as well as savings in molding materials. Im-

portantly, it leads to a better environmental situation in found-
ry shops due to the elimination of harmful emissions into the
atmosphere. Traditional casting methods often involve the
release of toxic substances, negatively affecting worker health

and the environment. In contrast, the FCM casting process js C¢llVlar Automata Neighborhoods on a Hexagonal Grid

more environmentally friendly and safer.

However, despite all its advantages, the FCM casting
process is quite complex and demands meticulous control
of technological parameters. The thermal processes occur-

ring within the “frozen casting mold — anti-adhesive coat- Cellular Automata Neighborhoods on a Triangular Grid
ing — metal” system play a pivotal role in shaping casting
quality. Improper management of these processes can lead
to defects, reduced mechanical properties, and a deteriora-
tion in the appearance of the products.

Consequently, the development of mathematical models that can accurately describe and predict
heat transfer within the “frozen casting mold — anti-adhesive coating — metal” system is a relevant sci-
entific and practical challenge. Such models can be utilized for optimizing technological processes,
selecting optimal materials and casting regimes, and preventing defects in castings [1, 2].

2. Literature Review and Problem Statement

In this work, the modeling of thermal energy transfer is performed based on a special modifica-
tion of the Stochastic Excitable Cellular Automata (SECA) method [3]. An excitable automaton is ca-
pable of performing a sequential chain of state switches under external influence. Each such automa-
ton is characterized by a specific set of neighbors within the first coordination sphere (Fig. 1). It also
possesses numerical parameters corresponding to the material contained within the modeled volume of
space, such as dislocation density, specific thermal conductivity, specific heat capacity, coefficient of
thermal expansion, etc [4, 5, 6].

During interaction with neighboring automata, the thermal and mechanical components of energy
can change, and consequently, their associated physical parameters (temperature, entropy, stress,
strain, density, etc.) (Fig. 2).

Cellular Automata Neighborhoods on a Square Grid

Fig. 1. Cellular Automata Neighborhoods

Frozen Mold Ice Melting Wet_l\ZoId Moisture Evaboration Dry Mold

Fig. 2. Transition of a Cellular Automaton from One State to Another

Heat transfer is modeled according to Fourier’s hypothesis, where the amount of heat dQ passing
through an element of an isothermal surface dF during a time interval dx is directly proportional to the
temperature gradient, i.e.:

dQ
Fd- J; =Agrad(t), 1)
where: Jr — is the heat flux density, defined as the amount of heat passing per unit time through a unit
area of an isothermal surface; 1 — is the thermal conductivity coefficient.
The causes that induce the flux J;, i.e., temperature gradients, concentration gradients, external
forces, etc., are commonly referred to as generalized forces and denoted as Xi.
To determine the temperatures of the cellular automata at the zero step of the numerical experi-
ment, each of them is assigned initial values for temperature To, thermal conductivity 4, and heat ca-
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pacity c. Then, at each n-th time step, a new automaton temperature value is calculated, taking into
account heat fluxes from each neighboring automaton:

T =T +i’ inrll ) (2

G k=1
where: Ti", Ti"* - are the temperatures of the i-th cellular automaton at the n-th and (n—1)-th time steps,
respectively; ci— is the heat capacity of the i-th automaton; Qi — is the heat energy flux from the
neighboring cellular automaton with index k into the considered automaton with index i at the n-th
time step; N — is the number of neighbors.
The change in thermal energy Qi" is calculated based on Fourier’s law:

Qp =22 1 T ®
where: Aik — is the mutual thermal conductivity coefficient; | — is the distance between the centers of
the considered automata; Q — is the area of the adjacent face; At — is the time step value.

A cellular automaton can exist in three states: frozen mold, wet mold, and dry mold. Each of
these states is characterized by different thermophysical properties (Table 1).

Table 1
Thermophysical Characteristics of the Molding Mixture [5]
Composition p, kg/cm? A, W/(m-°C) C, k/(kg:°C)
Sand+lce 1614 1.16 2.1
Sand+Water 1619 1.08 2.19
Sand+Steam 1572 1.04 2.09

Also, when analyzing heat and mass transfer, it is necessary to consider the heat consumption for
melting and evaporation of water, as well as the heat release during moisture condensation.

The heat of ice melting and water evaporation was accounted for by increasing the specific heat
capacity of the mold ¢, within the melting temperature range:

r 'W 'Tin
t— (4)

f

C,C, +

where: r; — heat of fusion of ice, r=334000 J/kg; W — humidity (or moisture content); t — temperature
interval for melting (evaporation), °C:

rp 'W 'Tin

CZZCZ+ tz
f

: (®)
ro=2257010 J/kg — heat of water evaporation.

As steam penetrates deeper into the unheated mold, steam condensation occurs on colder sand grain
surfaces, releasing heat of condensation and increasing the cellular automaton’s temperature by ATi:

r,-W
AT, =-2 , °C. (6)
C,
For a frozen mold, the cellular automaton’s temperature equation is:
1 N
T"=T"'+— Q. (7
i k=l
For frozen and wet molds in the moisture condensation zone:
n n— 1 n n— 1 n r
T =T 1+C_,'Zl’<\l:lQik+ATk=Ti = TR0k +p_W- (8)
! Ci C2
For a frozen mold during the melting period:
1
=T .3 Q: . 9
TI=T W 24 Qy (9)
it
ts
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For a wet mold during the moisture evaporation period:

1
TP =T+ ——— = 2 10
TR ACH (10)
t5
Switching between cellular automaton states occurs when 3 neighboring cellular automata adopt
a higher state.
To determine the temperature at the “casting-mold” boundary, the following formula can be ap-
plied:

b.
bc+bf '

T«=To+ T pou—To)- (11)

where: To — initial mold temperature; Tyou — alloy temperature in the mold after pouring; be — heat ac-
cumulation coefficient of the alloy; br — heat accumulation coefficient of the mold.
The specific heat capacity of the mold ¢ will be determined as an effective value, meaning it ac-
counts for the heats of phase transformations of water during melting and evaporation:
W “levtI'm
[_Cc'TO_Cl'TO+C2'1OO+C3'(Tk _1OO)+0(ee')j
_ (T«—To)
Ci = ) (12)
(Te—To)
where: ¢, c1, ¢2, c3 — respectively, the specific heat capacities of the anti-adhesive coating, frozen, wet,
and dry molds; rev, rme — specific heat of evaporation and melting of water; Wo — initial moisture con-
tent of the mixture, %.
When calculating cr, we can assume:

g+ T
Tk:Tkr:TIqumi (13)

where: Tiiq, Tsol — liquidus and solidus temperatures of the alloy.

Similarly, to calculate the specific heat capacity of the alloy, the following formula can be ap-
plied:
PR (14)

Tpou - Tk

where Qi — specific heat of crystallization of the alloy; c.1 — specific heat capacity of the solid alloy.

Since in the initial moments after pouring, the melt directly contacts the frozen mold, and the dry
layer thickness is infinitesimally small, as a first approximation, the following expression can be used
to estimate the heat flux into the mold at the beginning of solidification:

by
dQ =
Jm
which is valid for a semi-infinite body under boundary conditions of the first kind.
Considering the above, we write the heat balance equation:
by
—— (T, - T,)Fdt = Q,p Fds . 16
\/E( k 0) Qk p ( )
Integrating this equation, we obtain the formula for the kinetics of casting solidification in the ini-
tial moments of the process:

C

c

(T, -T,)Fdr, (15)

LT -T) o

\Y TCri (o

is the solidification constant.

17)

2b; (T —To)

\V anr Pe

The value m, =
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As seen from expression 17, an increase in b, which in turn grows with increased moisture con-
tent and decreased To, leads to accelerated solidification.

However, during the mold’s heating process, the heat exchange conditions change significantly.
An relatively low-thermal-conductive dry layer forms on its inner surface, and its thickness increases
over time. The Kinetics of casting solidification are then determined by the thermal resistance of this
dry layer. Evaporated products released at the outer boundary of this layer move deeper into the mold,
where they condense. To calculate the kinetics of the dry layer’s growth under these conditions, the
following formula can be applied:

2n,(n, +)a,t
(n, +YWir,, ’
€3 (100 —W,)(Ty — Tii)
where: n; is the exponent of the temperature curve in the dry layer, equal to 1.75; as is the thermal dif-
fusivity coefficient of the dry layer; cs is the specific heat capacity of the dry layer.

W,
(—clT0 + gl ﬁ + cleOj

W, = : 100+ W, , (19)
0

(18)

where: c;, €2 — respectively, the specific heat capacities of the frozen and wet mixture.
The value of ¢, depends on the moisture content. As a first approximation, it can be calculated us-
ing the formula:

¢, =815+ 33.75/W,.

As seen from equation 19, all else being equal, the moisture content W1 when casting into frozen
molds is higher than when casting into wet molds.

3. Aims and Obijectives of the Study

The conducted research aimed to develop a mathematical model of heat transfer in the “frozen
casting mold — anti-adhesive coating — metal” system based on cellular automata. This model will al-
low for predicting and influencing the quality of the casting surface at the technology design stage, as
well as determining the boundary conditions for the applicability of the casting method using frozen
casting molds with an anti-adhesive coating for castings made of non-ferrous metals and alloys.

To achieve this goal, the following tasks were addressed:

— To model the heat transfer process in the “frozen casting mold — anti-adhesive coating — metal”
system based on cellular automata.

— To verify the adequacy of the mathematical model through full-scale temperature measure-
ments during the pouring and crystallization of AK5M2 alloy in a frozen mold with an anti-adhesive
coating.

— To determine the boundary conditions for the applicability of the frozen mold casting method
by modeling the crystallization of an AK5M2 alloy casting in a frozen mold.

4. Materials and Methods for Investigating Heat Transfer in the “Metal — Anti-Adhesive
Coating — Frozen Mold” System

4.1. Materials and Equipment Used in the Experiment

The research was conducted using AK5M2 alloy conforming to DSTU 1583-93. The melt tem-
perature was measured with a chromel-alumel thermocouple and an MR-64-02 millivoltmeter. The
temperature of the frozen mold was measured using a TM 200 device with a K-type thermocouple.
The alloy was melted in a CNO-6.12.4/11 resistance furnace within a ceramic crucible [7].

An anti-adhesive paint was used as the coating, with the following composition: amorphous graphite
—15...16%, crystalline graphite — 10...12%, talc — 20...25%, bentonite — 2...3%, AF-binder — 4...6%, and
water to 100% and the required density. The molding mixture consisted of: sand grade 1K02b (DSTU
2138-91) — 66%, sand grade T045 (DSTU 2138-91) — 31%, clay — 3%, and water —6...8% [8].

To prepare the molding and core mixture, the components were mixed in a muller. The compo-
nents were added to the muller in the following order: the sand mixture and clay were mixed for 3-5
minutes, then 6...8% water was added, and the moistened mixture was re-mixed for another 2...3
minutes. From this molding mixture, casting molds with cores were prepared (Fig. 3).
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Fig. 3. Experimental Setup for Determining Melt Solidification Time in a Frozen Mold: 1 — frozen mold;
2 — frozen core; 3 — casting; 4 — recording potentiometer with thermocouples for measuring melt temperature;
5 — recording potentiometer with thermocouples for measuring temperature in the frozen core

The process of manufacturing frozen molds with a coating can be described as follows:

— The flask is placed on the pattern plate with the pattern, and the molding mixture is poured into
it. The vibrator is turned on, and the mixture is compacted at a vibrator frequency of 2850 oscillations
per minute and an amplitude of 10 mm for 180 seconds.

— The pattern is removed, and the anti-adhesive coating is applied to the mold cavity using a sprayer.

— After the top layer of the anti-adhesive coating dries slightly, a model cooled with liquid nitro-
gen, which matches the casting’s configuration, is inserted into the mold cavity.

— The adjacent layer of the molding mixture freezes due to the cooled model. Once the required
thickness of the frozen mixture layer is achieved, the cooled model is removed, and the resulting half-
mold is sent for assembly and pouring.

4.2. Methodology for Determining the Boundary Conditions for the Applicability of Casting
into Frozen Molds with an Anti-Adhesive Coating

To determine the alloy’s solidification time, experimental castings were performed. A mold was
manufactured, as shown in Figure 3.

The mold (1) was cooled to temperatures of —60 °C and —20 °C for 180 minutes. Cores (2), pre-
viously frozen to —60 °C and —20 °C for 60 minutes and made from the same molding material, were
placed into the mold. Thermocouples (4) were installed in the cavity formed by the frozen mold and
frozen cores. These thermocouples recorded changes in metal temperature, allowing for the determina-
tion of the melt’s solidification time. Thermocouples were also placed in the center of the core (5) to
track the temperature change dynamics within the core. Pouring was performed with AK5M2 alloy at
a temperature of 700 °C.

5. Research Results

Algorithms were developed and programs were written based on the formulas described above to
perform numerical calculations of the temperature fields for both the casting and the mold.

In all numerical experiments, samples with dimensions of 50x50x50 mm were modeled. At the
initial time, the temperature of each automaton was —60 °C. Boundary conditions were set as follows:
the upper face of the sample was heated to 700 °C, and the lower face to 20 °C. The time step was
10729 seconds, and the cellular automaton size was 1 mm. The sample loading scheme is shown in Fig. 4.

Numerical experiments were conducted to simulate the propagation of the thermal front within a
low-temperature casting mold. This mold was comprised of an anti-adhesive coating, dry molding
mixture, wet molding mixture, and frozen molding mixture, along with zones of condensation and
moisture crystallization.

To verify the program, the results obtained from the calculations were compared with those
measured during the physical experiment.

The calculated curves and experimental data points for the cooling rates of AK5M2 alloy castings are
presented in Fig. 5.
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The comparison of the obtained calculated data and T=700°C
experimental data allowed us to conclude a sufficient de- 0 25 0
gree of correlation for the model, which accounts for the 25 § l X, |
influence of heat transfer. Thus, the mathematical model 50 ‘
ensures reliable calculations of the non-stationary tempera-
ture fields of the casting and the wet, dry, and frozen mold,
and can be used for numerical investigations. To verify the ;
adequacy of the mathematical model, a series of computa- N 50
tional experiments were conducted to evaluate the heat l
transfer coefficients at the corresponding boundaries. 7=20°C & Z,
AK5M2 alloy was chose_n as the object of stu_dy. Tempera- Fig. 4. Schematic of the Modeled Sample
ture fields of castings with a reduced wall thickness of 12 Loading
mm were considered, poured into molds with different ini-
tial temperatures of —20 °C and —60 °C.

Y, u ‘ 25

4

Full-scale measurements were carried out using an ana- ° = 4
log-to-digital converter, which allowed recording thermocou- 4 B — e T
ple readings on a computer with a frequency of 0.1 seconds. E’

For comparison, points were selected at the center of the cast- 3| =
ing, as well as in the mold at distances of 1, 5, and 10 mm ;2 3 B e W
from the boundary with the casting. 3 X T~

Upon contact of the liquid metal with the walls of the S, 2] | —
frozen casting mold (FCM), a sharp increase in tempera- 1 1
tures occurs in the boundary regions (Fig. 6, curve 2). For 0
instance, for the —60 °C mold, this value reaches 250 °C, 60 50 40 T};ﬂ)pe}az&ef%oc 0 10 2

and for the —20 °C mold, it reaches 238 °C. The formed . . .

o Fig. 5. Calculated dependencies of cooling
vapor layer causes the mold temperatures to drop t0 95 °C e for silumin castings on initial mold
and 190 °C, respectively. Moreover, this effect decreases or temperature: 1, 3 — in the temperature range
completely disappears with increasing distance from the  720...500 °C; 2, 4 —in the temperature
thermal center (curves 3, 4). Subsequently, the temperature ~ fange 720...577 °C; 1, 2 —reduced casting
. . . o wall thickness 5 mm; 3, 4 — reduced casting
in the boundary region stabilizes at 97...100 °C for 70 sec- "\ thickness 15 mm. Experimental data
onds for the mold with an initial temperature of —60 °C are marked with points
(Fig. 6, curve 2), and at 190 °C for 30 seconds for an FCM

with an initial temperature of —20 °C (Fig. 6a, curve 2).
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Fig. 6. Temperature Change During Cooling of AK5M2 Alloy Casting in a Low-Temperature Casting Mold with
an Initial Temperature of —20 °C (a) and —60 °C (b): 1 — at the center of the casting; 2 — in the mold at a distance
of 1 mm from the mold surface; 3 —5 mm; 4 — 10 mm. Experimental data are marked with points

A practically linear increase in temperature is observed thereafter. Starting from 300 seconds, the
temperature rise ceases, reaching 200 °C for the —60 °C FCM and 310 °C for the —20 °C FCM, respec-
tively. For the FCM with an initial temperature of —20 °C (Fig. 6a), we observe a temperature increase
to 100 °C in 110 seconds, followed by a plateau at this mark for 90 seconds, and then an increase to
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175 °C. For the 10 mm layer, a plateau at 0 °C for 100 seconds is characteristic, followed by a linear
temperature increase to 95 °C.

Curves 1 in the figure reflect the change in temperature at the center of the casting during its for-
mation.

It should be noted that there is a high degree of agreement between the calculated and experi-
mental data in the thermometry of the casting.

For comparison, the same graphs also present data from full-scale measurements, the results of
which differ slightly in the initial stages. This can be explained by the fact that thermocouple readings
are recorded at a lower frequency than in the calculations, and the effect of vapor layer formation is
not captured. Subsequently, the readings of the full-scale and calculated values differ insignificantly
due to the slowing of the temperature increase rate in the mold and the decrease in temperature in the
metal.Based on the conducted calculations, confirmed by experimental data, a nomogram was con-
structed to determine the boundary conditions for applying the casting method into frozen molds with
frozen cores (Fig. 7). A mathematical dependence was also derived for the depth of mold (core) heat-
ing & as a function of casting thickness X [9].

60

N

50 B -60°C

I

RO

)
(S
i

A | [

1 1 1 1

0
20 18 16 14 12 10 8 6 4 2 0 2 4 6 8 10 12

Casting wall thickness (8), mm Depth of frozen foundry core
heating (x) to -5 °C, mm

Fig. 7. Nomogram for Determining the Thickness of a Frozen Core Depending on the Casting Wall Thickness

This nomogram allows for determining the minimum thickness of a frozen core depending on the
casting wall thickness and the cooling temperature of the mold (core). One selects the casting wall
thickness (point A), draws a vertical line to intersect with the curve. The curve is chosen depending on
the temperature of the frozen mold: —60 °C or —20 °C (point B). Then, a horizontal line is drawn to
intersect with the curve representing the depth of heating of the frozen core (point C). Finally, a verti-
cal line is dropped to intersect with the axis, determining the minimum core thickness (point D) [10].

A mathematical dependence was obtained for the depth of heating (8) of the mold (core) to —5.0
°C, at which the strength of the frozen mold (core) becomes comparable to that of a sand-clay mold, as
a function of the casting wall thickness (x).

=-0.002x*+0.065x% +0.206x +0.110.

6. Conclusions

1. Development of a mathematical model for heat transfer in the “frozen casting mold — anti-
adhesive coating — metal” system based on cellular automata.

In this work, a mathematical model was successfully developed that describes the complex heat
transfer processes occurring in a system including a frozen casting mold, an anti-adhesive coating, and
molten metal. The model is based on the stochastic excitable cellular automata (SECA) method, which
allows for accounting for the discrete structure of materials and changes in their states over time. This
is particularly important when modeling phenomena such as phase transitions of water in the mold (ice
melting, water evaporation, steam condensation) and their impact on thermal processes. The developed
model considers the thermophysical properties of materials (temperature, thermal conductivity, heat
capacity, and other parameters), ensuring its adequacy for analyzing thermal phenomena in the system
under consideration.
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2. Conducting heat transfer calculations in the “frozen casting mold — anti-adhesive coating —
metal” system based on the developed mathematical model.

Based on the created mathematical model, a comprehensive set of calculations was performed,
aimed at quantitatively evaluating the thermal processes in the “frozen casting mold — anti-adhesive
coating — metal” system. The calculations provided data on the spatial and temporal distribution of
temperatures, casting cooling rates, metal solidification kinetics, and the dynamics of temperature
changes in various mold zones. The obtained results can be used to optimize the technological parame-
ters of the casting process, such as pouring temperature, mold temperature, and anti-adhesive coating
thickness, which, in turn, contributes to improving casting quality and reducing defects.

3. Experimental confirmation of the adequacy of the mathematical model.

An important stage of the work was the experimental verification of the adequacy of the devel-
oped mathematical model. For this purpose, full-scale experiments were conducted using real casting
molds, anti-adhesive coatings, and metal alloys. A comparison of the calculation results with experi-
mental data showed a sufficiently high degree of their agreement, which confirms the reliability of the
mathematical model and the possibility of its application for practical purposes. In particular, the mod-
el adequately describes the influence of the initial mold temperature on the casting cooling rate and
temperature changes in the mold’s boundary regions. This allows the model to be used for predicting
the thermal conditions of the casting process and selecting optimal parameters that ensure the produc-
tion of castings with desired properties.
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